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Effect  of  Management  on  Water  Quality 
in  North  American  Forests 

Thomas  C.  Brown  and  Dan  Binkley 


Introduction 

Since  passage  of  the  Federal  Water  Pollution  Con- 
trol Act  amendments  in  1972,  considerable  progress 
has  been  made  in  reducing  municipal  and  industrial 
releases  of  water  pollutants.  Less  progress  has  been 
made  in  controlling  water  pollutants  that  reach  the 
Nation's  rivers  and  streams  in  runoff.  Land  and  their 
uses  are  sources  of  many  potential  water  quality 
problems. 

"Water  quality"  is  affected  by  a  series  of  physical 
(e.g.,  suspended  sediment),  chemical  (e.g.,  nitrate, 
pesticides),  and  biological  (e.g.,  giardia)  components 
or  indicators.  The  levels  of  these  components  can  be 
affected  greatly  by  both  natural  events  and  human 
actions.  For  example,  the  level  of  suspended  sedi- 
ment can  increase  greatly  after  events  such  as  wild- 
fires or  timber  harvesting.  Human  actions  also  can 
lower  some  concentrations  below  the  natural  level, 
as  prolonged  fire  protection  has  done  in  many  forest 
areas. 

Water  quality  can  degrade  because  of  natural 
events  or  human-caused  (i.e.,  management-related) 
activities.  It  is  more  likely  to  occur  after  human- 
caused  influences  if  the  natural  concentration  is  al- 
ready high.  Human-caused  sources  of  water  quality 
degradation  are  broadly  categorized  as  "point  source" 
or  "nonpoint  source."  Effluents  causing  point  source 
pollution  leave  the  source  in  a  contained 
structure,such  as  a  pipe  or  canal.  The  water  quality 
impacts  of  these  effluents  can  be  monitored,  provid- 
ing the  manager  with  direct  information  about  the 
source  and  indicating  if  corrective  action  is  needed. 
Sewage  treatment  plants  and  industrial  facilities  are 
important  point  sources.  Nonpoint  source  pollution 
occurs  as  more  diffuse  runoff  from  land  areas.  The 
dispersed  transport  mechanisms  of  runoff  make  it 
difficult  to  monitor  the  nonpoint  source  degradation 
of  water  quality,  except  at  points  downstream  from 
the  cause,  where  it  often  is  difficult  to  identify  the 


specific  land  area  from  which  the  degradation  origi- 
nated or  the  activity  that  caused  it. 

"Pollution"  typically  refers  to  water  quality  degra- 
dation caused  by  human  influences.  The  1972  Act 
essentially  defined  pollution  as  any  alteration  in 
water  quality  caused  by  human  use  of  resources.  It 
also  called  for  sufficient  control  of  all  pollution  sources 
so  that  waters  were  f  ishable  and  s wimmable  by  1 983, 
and  elimination  of  all  point  source  pollution  dis- 
charges by  1985.  These  goals  were  not  met;  some 
minimum  level  of  pollution  is  physically  or  economi- 
cally unavoidable  because  of  the  limitations  of  avail- 
able technology  (National  Water  Commission  1973, 
Black  1992).  Water  quality  protection  now  empha- 
sizes the  interim,  nationwide  fishable  and  swim- 
mable  goals  established  in  the  1972  Act,  as  well  as 
support  of  "designated"  water  uses  determined  by 
the  states  (EPA  1990).  For  some  uses,  the  levels  at 
which  some  components  or  indicators  become  harm- 
ful have  been  agreed  upon  (e.g.,  water  drinking 
standards),  while  for  other  uses  or  components  (e.g., 
nutrients)  there  is  no  consensus  about  the  maximum 
acceptable  levels  of  water  quality  degradation. 

Urban  areas  are  sources  of  all  major  categories  of 
water  pollution.  Runoff  from  urban  areas  carries 
household  chemical  products,  pet  wastes,  yard  ap- 
plications, industrial  chemicals,  transportation  by- 
products, construction-displaced  sediment,  and  other 
wastes  to  rivers  and  streams.  Farms  —  the  location  of 
soil  tillage,  fertilizer  and  pesticide  applications,  irri- 
gation, and  animal  concentrations  —  are  also  impor- 
tant sources  of  all  major  categories  of  water  pollu- 
tion. Mines,  landfills,  animal  feed  lots,  and  rural 
septic  systems  are  also  common  sources  of  some 
categories  of  pollution.  Forests  and  rangelands  are 
sources  of  nutrients,  oxygen-demanding  organic 
material,  and  suspended  sediments,  and  also  can 
yield  toxics,  if  pesticides  are  used.  Water  tempera- 
ture also  can  increase  in  forest  areas,  after  harvesting 
or  fire. 
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Two  national  surveys  report  on  sources  of  water 
pollution  in  the  U.S.  The  U.S.  Environmental  Protec- 
tion Agency  (EPA)  biennially  publishes  a  national 
assessment  of  water  quality,  summarizing  state  re- 
ports that  are  based  on  monitoring,  surveys  of  scien- 
tists, water  quality  modeling,  and  citizen  input.  The 
1988  assessment  (EPA  1990)  reports  data  on  about 
25%  of  the  Nation's  miles  of  rivers  and  streams,  that 
were  assessed  by  about  35  states.  The  "designated 
uses"  (e.g.,  contact  recreation,  drinking  water  sup- 
ply, high-quality  cold  water  fishery)  were  judged  to 
be  not  fully  "supported"  by  adequate  water  quality 
along  about  30%  of  the  assessed  river  miles.  Agricul- 
tural runoff  was  the  largest  source  of  problems,  im- 
pairing 20%  of  the  affected  river  and  stream  miles 
(fig.  1).  Municipal  discharges,  mining,  and  urban 
runoff  were  other  common  sources.  Forestry  activi- 
ties (mainly  harvesting  and  related  road  construc- 
tion) impaired  3%  of  the  assessed  river  miles.  Effects 
of  rangeland  management  were  not  included  as  a 
separate  category. 

The  1982  National  Fisheries  Survey  (Judy  et  al. 
1984)  relied  on  evaluations  by  state  fisheries  biolo- 
gists of  a  statistically-based  sample  of  1,303  (approxi- 
mately 10%)  of  the  Nation's  river  reaches.  The  biolo- 
gists reported  that  "the  survival,  productivity,  or  use 
of  the  fish  community  [was]  adversely  affected"  in 
56%  of  the  sampled  stream  miles  (and  45%  of  the 
perennial  stream  miles).  This  survey  also  placed 
agricultural  runoff  at  the  top  of  the  list,  but  ranked 
forestry  activities  second,  affecting  8%  of  the  river 
miles  (fig.  1).  The  higher  percentages  for  this  survey, 


Table  1  .—Major  categories  of  water  pollution  and  related  water 
quality  constituents. 


■a 
® 
*-> 
o 
a 
t 
m 

at 
® 


30 
25 
20 


[ 

□ 

Fisheries 

■ 

EPA 

-    -  - 

1 

'  11  1  1  i . 

in 

Agriculture  Municipal     Mining        Urban       Forestry     Industry  Construction     Land  Sewer 
discharge  runoff  disposal  overflow 

Figure  1. — Incidence  of  major  sources  of  water  pollution 
according  to  two  national  surveys 


Category 


Principal  constituents  or  measuies 


Pathogenic  organisms 


Organic  material 


Nutrients 


Dissolved  solids 


Sediments 


Toxics 


Temperature 


Bacteria  (e.g.,  fecal  coliform,  fecal 
streptococci) 

Protozoa  (e.g.,  giardia) 

Certain  viruses  and  fungi 

Biochemical  oxygen  demand  (BOD) 

Dissolved  oxygen 

Nitrogen  (nitrate,  nitrite,  ammonia) 

Phosphorus  (dissolved  ions  and 
inorganic  molecules) 

Specific  ions  (e.g.,  sodium,  potassium, 
calcium,  magnesium) 

General  measures  (total  dissolved 
solids  (TDS),  conductivity) 

Suspended  sediment  (measurea  as 
concentration  or  turbidity) 

Stream  bottom  seaimentation 

Metals  (e.g.  Cadmium,  Lead,  Mercury) 

Pesticides  (insecticides,  herbicides, 
fungicides) 

Other  (mainly  organics  such  as 
Polyclorinated  biphenyls  (PCBs)) 

Degrees  Celsius 


compared  with  the  EPA  summary,  may  result  from 
the  replacement  of  a  "designated  use"  criterion  with 
a  singular  concern  about  fish  habitat,  and  from  dif- 
ferent definitions  of  impairment. 

The  EPA  summary  provides  only  an  approximate 
indication  of  the  incidence  of  water  pollution,  be- 
cause of  the  variety  of  methods  used  by  the  different 
states,  and  because  the  sample  of  assessed  rivers  and 
lakes  was  not  systematically  designed  (some  states 
did  not  report,  and  some  reporting  states  focused 
heavily  on  problem  areas).  Furthermore,  the  fisheries 
survey  may  overly  emphasize  fish  habitat  for  some 
rivers.  However,  these  surveys  indicate  at  least  the 
relative  importance  of  the  different  categories  of  water 
pollution.  They  clearly  indicate  that  agriculture  is  the 
most  prevalent  nonpoint  source  of  water  quality  prob- 
lems, and  that  forest  management  activities  are  impor- 
tant concerns  in  relatively  few  locations. 

Sources  of  water  quality  degradation  can  be 
grouped  into  seven  categories  (table  1).  Pathogenic 
organisms  are  water-borne  disease-causing  agents, 
including  certain  bacteria  (indicated  by  measures 
such  as  fecal  coliform  and  fecal  streptococci  bacte- 
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ria),  certain  protozoa  (e.g.,  giardia),  harmful  viruses, 
and  certain  fungi.  This  category  of  water  pollution 
has  been  adequately  controlled,  in  most  urban  areas 
of  developed  countries,  by  effective  water  treatment 
and  distribution  procedures. 

Organic  material,  from  waste  products  and  de- 
caying plants,  requires  oxygen  as  it  is  decomposed 
by  bacteria.  This  decay  process  creates  "biochemical 
oxygen  demand,"  lowering  the  dissolved  oxygen 
available  to  fish  and  aquatic  invertebrates,  poten- 
tially to  lethal  levels,  and  also  potentially  causing 
water  color  changes  and  odor  problems. 

Nutrients  primarily  include  forms  of  phosphorus 
and  nitrogen.  Nutrients  are  essential  for  primary  food 
production  in  aquatic  ecosystems. Ho weer,  at  high  lev- 
els, they  cause  excessive  growth  of  aquatic  plants  and 
animals,  which,  in  turn,  causes  murky  water,  floating 
algae,  and  dense  mats  of  aquatic  plants  —  a  condition 
known  as  "eutrophication"  —  that  restricts  water  use 
for  recreation,  fish,  and  wildlife.  As  this  organic  matter 
decays,  it  also  may  reduce  dissolved  oxygen.  In  addi- 
tion, elemental  phosphorus  and  nitrogen  (as  nitrate, 
nitrite,  and  ammonia)  can  be  directly  toxic  to  fish  and 
humans  (nitrate  turns  into  nitrite  in  the  body,  which  can 
be  especially  toxic  to  infants). 

Dissolved  solids  include  a  series  of  ions,  com- 
monly called  salts,  as  well  as  dissolved  organic  com- 
pounds. Total  dissolved  solids  (TDS)  and  specific 
conductivity  are  two  measures  of  the  overall  concen- 
tration of  these  ions.  High  concentrations  of  dis- 
solved solids  corrode  pipes  and  water-using  appli- 
ances, reduce  yields  of  some  irrigated  crops,  require 
increased  use  of  soaps  and  detergents,  and  can  harm 
fish  and  other  aquatic  organisms. 

Sediments  consist  of  fine  soil  particles  that  are 
carried  along  in  stream  flow,  and  heavier  particles 
that  settle  on  the  stream  bottom.  Suspended  sedi- 
ments increase  turbidity  and  transport  plant  nutri- 
ents, heavy  metals,  pesticides,  pathogens,  and  other 
potential  pollutants  attached  to  the  soil  particles. 
Sustained  high  turbidity  can  reduce  photosynthesis 
by  algae,  reduce  the  success  of  sight- feeding  fish,  and 
perhaps  alter  food  chains.  High  suspended  sediment 
concentrations  also  degrade  the  quality  of  drinking 
water.  Settling  soil  particles  reduce  the  porosity  of 
gravel  beds,  generating  anaerobic  conditions  unsuit- 
able for  spawning  and  blocking  emergence  of  fry 
from  the  gravels.  Settling  soil  particles  also  reduce 
water  storage  capacity  of  reservoirs  and  obstruct 
navigation. 


"Water  quality"  may  be  perceived  to  include  or 
exclude  the  condition  of  stream  channels.  This  report 
does  not  include  discussion  of  stream  bottom  sedi- 
ments and  other  stream  channel  issues,  although  it  is 
recognized  that  settling  of  suspended  sediment  af- 
fects channel  condition.  MacDonald  et  al.  (1991)  pro- 
vide more  information  on  stream  channel  condition 
as  related  to  water  quality. 

Toxics  are  chemicals  that  can  cause  adverse  effects 
at  extremely  low  concentrations.  They  include  toxic 
heavy  metals  (e.g.,  mercury,  lead,  cadmium,  arsenic) 
and  other  synthetic,  generally  organic,  pesticides 
and  industrial  materials  (e.g.,  PCBs).  There  are  more 
than  60,000  commercial  chemical  substances  in  use 
in  the  U.S.,  and  the  impact  of  most  in  aquatic  environ- 
ments is  unknown. 

Water  temperature  affects  both  chemical  and  bio- 
logical characteristics  of  streams.  For  example,  the 
solubility  of  oxygen  decreases  rapidly  as  tempera- 
ture increases;  and  most  aquatic  organisms  have 
optimal  temperature  ranges.  Some  fish  species  re- 
quire a  narrow  range  of  temperature,  while  others 
are  more  tolerant  of  temperature  changes. 

The  following  sections  review  what  has  been 
learned  in  the  United  States  (and,  to  some  extent,  in 
Canada)  about  the  effects  of  forest  management  on 
each  of  these  seven  categories  of  water  quality,  and 
what  is  happening  to  mitigate  those  effects. 

Pathogens 

Background 

Most  interest  in  microbiological  water  quality  cen- 
ters on  organisms  that  are  pathological  to  humans,  or 
on  generalist  bacteria  (such  as  total  coliform  counts) 
that  may  be  overall  indicators  of  microbial  contami- 
nation (MacDonald  et  al.  1991 ).  Total  coliform  counts 
have  been  used  widely  to  assess  drinking  water 
quality.  Two  more  specific  classes  of  bacteria  are 
commonly  examined:  fecal  coliform  (mostly  from 
feces  of  humans  and  other  mammals),  and  fecal 
streptococci  (usually  from  mammals  other  than  hu- 
mans). The  ratio  of  fecal  coliform  to  fecal  streptococci 
is  used  sometimes  to  differentiate  between  human 
and  animal  sources  of  pollution,  although  its  utility 
in  distinguishing  the  source  has  been  questioned 
(EPA  1978). 
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Another  water  borne  disease,  Giardia  lambila  (a 
flagellated  protozoan),  is  an  important  water  quality 
concern  in  many  western  mountains  (Brown  1989). 
Many  cases  of  Giardia  can  be  traced  to  streams  with 
substantial  beaver  activity;  but  the  role  of  other  mam- 
mals in  spreading  the  disease  is  not  clear.  Other 
specific  pathogens  also  have  been  found  in  forest 
water  supplies.  For  example,  in  several  California 
national  forests,  the  bacterium  Cryptosporidium  was 
detected  in  campground  water  systems.  The  inci- 
dence of  this  bacterium  may  be  related  to  drought 
conditions,  as  well  as  to  increasing  rigor  of  inspec- 
tion required  by  new  water  quality  laws. 

Lettenmaier  et  al.  (1991)  found  that  15-20%  of  the 
U.S.  Geological  Survey  NASQAN  stations  that  they 
studied  had  significant  trends  in  pathogens,  during 
the  period  1978-87  (table  2).  Stations  with  decreases 
were  about  twice  as  prevalent  as  stations  with  in- 
creases. Earlier,  Smith  et  al.  (1987)  also  found  more 
decreases  in  fecal  bacteria  (approximately  18%  of  the 
stations  decreased,  while  only  4%  increased).  In- 
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43  bench-mark  stations 


Figure  2.— Mean  annual  dissolved  oxygen  concentration  at  43 
benchmark  stations  draining  areas  of  forest  and  rangeland 
(stations  shown  in  order  of  increasing  dissolved  oxygen) 


creases  in  pathogens  were  associated  with  larger 
proportions  of  the  land  area  in  pasture  or  urban  uses. 
The  decreases  reflect  the  increasing  success  at  mu- 
nicipal and  rural  domestic  water  treatment. 

Effects  of  Management 

Pathogens  are  not  affected  by  timber  harvesting. 
Grazing  is  the  primary  land  use  that  may  increase 
microbial  contamination  in  forest  streams  (Buckhouse 
and  Gifford  1976).  Few  studies  have  carefully  com- 
pared coliform  levels  in  grazed  and  ungrazed  areas. 
One  watershed-level  study,  in  the  Bear  River  Range 
of  northern  Utah  (Darling  and  Coltharp  1 973,  cited  in 
Brown  1989),  found  maximum  total  coliform  counts 
of  about  150  colonies/ 100  ml,  in  an  ungrazed  water- 
shed, compared  with  maximums  of  700  colonies  / 1 00 
ml,  for  a  sheep-grazed  watershed,  and  1,500  colo- 
nies/100 ml,  for  a  cattle-grazed  watershed.  Concen- 
trated recreation  use  and  wildlife  populations,  as 
well  as  mountain  homes  with  inadequate  waste  dis- 
posal systems,  also  can  increase  pathogens  to  unac- 
ceptable levels  (Potter  et  al.  1984).  Except  for  grazing 
impacts,  pathogen  problems  on  forest  lands  that  are 
caused  by  human  activities  generally  are  isolated 
and  are  readily  solved.  For  example,  recreation  im- 
pacts can  be  ameliorated  by  providing  facilities  or 
limiting  use  rates. 

Dissolved  Oxygen 

Background 

Forest  streams  typically  contain  8  to  12  mg  of 
oxy  ^en/1,  with  lower  concentrations  in  streams  with 
high  organic  matter  and  high  temperature.  We  se- 
lected 43  U.S.  Geological  Survey  bench-mark  sta- 
tions (Biesecker  and  Leifeste  1975),  in  33  states,  that 
were  draining  relatively  undisturbed  areas  largely 
covered  with  forest  or  range  land  vegetation  (Binkley 
and  Brown  1993b).  At  these  stations,  mean  annual 
dissolved  oxygen  concentration  was  7.9  mg/1  or 
greater  for  all  but  one  of  them  (fig.  2).  However, 
mean  annual  data  do  not  indicate  short-term  drops 
in  concentrations  that  maybe  critical  for  fish.  Streams 
containing  spawning  salmonid  fish  should  not  drop 
below  8  mg  of  02/l  for  one  day,  or  below  9.5  mg/1  for 
a  7-day  mean;  concentrations  of  5  to  6.5  mg/1  may  be 
sufficient  for  adults  (MacDonald  et  al.  1991). 
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Lettenmaier  et  al.  (1991)  found  that  only  5%  of  the 
NASQAN  stations  had  significant  trends  in  oxygen 
deficit,  with  decreases  three  times  as  common  as 
increases  (table  2).  The  decreases  in  deficit  probably 
were  associated  with  improvement  in  point-source 
discharges. 

Effects  of  Management 

Only  a  few  studies  have  documented  depressed 
oxygen  concentrations  in  streams  as  a  result  of  forest 
management  activities.  In  Quebec,  Plamondon  et  al. 
(1982)  examined  the  effects  of  massive  inputs  of 
logging  debris  into  a  low-gradient  stream  (<1  %).  The 
logging  debris  impounded  the  stream,  and  lowered 
dissolved  oxygen  concentrations  to  near  0.  In  the 
Coast  Range  of  Oregon,  Hall  and  Lantz  (1969)  found 
that  accumulation  of  logging  debris  in  a  small  stream 
depressed  dissolved  oxygen  concentrations  as  low 
as  3  mg/1  in  summer  (relative  to  a  control  stream 
with  about  10  mg/1).  The  Caspar  Creek  Watershed 
Study  in  California  (Rice  et  al.  1 979)  recorded  depres- 
sions in  dissolved  oxygen  concentrations  in  logged 
areas  to  5  mg/1  in  summer,  compared  with  an  ex- 
pected atmospheric  equilibrium  concentration  of 
about  7  mg/1. 

Table  2  —  Water  quality  trends  1978-1 987. 1 


Number 

Percent 

Constituent 

of  stations2 

with  significant  trend3 

positive 

negative 

Pathogens 

Fecal  coliform 

390 

6 

13 

Fecal  streptococcus 

366 

5 

10 

Organic  material 

Oxygen  deficit 

316 

4 

12 

Plant  nutrients 

Total  nitrogen 

390 

21 

6 

Total  phosphorus 

389 

3 

18 

Dissolved  solids 

TDS 

388 

22 

6 

Suspended  sediment 

153 

8 

12 

Toxics 

Arsenic 

383 

1 

25 

Cadmium 

360 

1 

16 

Lead 

374 

1 

12 

'Source:  Lettenmaier  (1991).  Trends  in  flow-adjusted 
concentration. 

2U.S.  Geological  Survey  NASQAN  data  (Ficke  and 
Hawkinson  1975). 

3 Percent  of  the  stations  with  positive  and  negative  trends 
at  the  0. 1  significance  level. 
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Figure  3. — Nitrogen  concentration  by  land  cover  (from  Omernik 

1977) 

Very  heavy  inputs  of  fine  organic  debris  to  low- 
flow  streams  can  lower  dissolved  oxygen  levels  be- 
low 1  mg/1  (Brown  1989);  but  overall,  the  input  of 
fine  organic  debris  after  forest  harvesting  usually  is 
low  enough  that  dissolved  oxygen  concentrations 
are  not  substantially  depressed,  especially  where 
high  turbulence  replenishes  oxygen  from  the  atmo- 
sphere (Ice  1978).  Current  forest  practices  generally 
do  not  add  enough  debris  to  streams  to  have  a 
substantial  effect  (MacDonald  1991).  However,  for- 
est practices  that  do  not  lower  the  concentration  of 
dissolved  oxygen  in  the  water  column  still  may  lower 
the  oxygen  concentration  in  the  streambed  gravels, 
by  adding  fine  sediments  that  impede  inflow  of  well- 
aerated  water  and  downward  diffusion  of  oxygen 
(Everest  et  al.  1987,  MacDonald  et  al.  1991). 

Nutrients 

Background 

In  a  nationwide  analysis,  Omernik  (1977)  found 
that  annual  nutrient  concentrations  (both  total  phos- 
phorus and  total  nitrogen),  in  streams  draining  pre- 
dominately agricultural  watersheds,  were  about  nine 
times  higher  than  in  streams  draining  predominantly 
forested  watersheds,  and  about  four  times  higher 
than  in  streams  draining  predominantly  rangeland 
watersheds  (fig.  3).  Percent  of  the  watershed  in  agri- 
cultural and  urban  uses  correlated  positively  with 
nutrient  concentrations  in  all  regions  of  the  U.S., 
while  percent  of  the  watershed  in  forest  cover  corre- 
lated negatively  with  nutrient  concentrations  in 
nearly  all  areas. 
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In  nationwide  trends,  both  Smith  et  al.  (1987)  and 
Lettenmaier  et  al.  (1991)  found  many  stations  show- 
ing increases  in  nitrogen  and  decreases  in  phospho- 
rus concentrations.  The  latter  study  found  that  21  % 
of  the  stations  increased  in  nitrogen  concentration, 
while  6%  decreased  (table  2).  The  uptrends  were 
distributed  rather  evenly  over  the  continental  U.S. 
Smith  et  al.  suggested  that  changes  in  agricultural 
fertilizer  use  and  atmospheric  deposition  accounted 
for  the  significant  trends;  but  an  analysis  by 
Lettenmaier  et  al.  did  not  uncover  significant  asso- 
ciations for  trend  direction,  except  for  population 
density.  For  phosphorus,  18%  of  the  stations  showed 
decreases,  while  3%  showed  increases  (table  2).  The 
decreases  occurred  mainly  in  the  Great  Plains  and  in  the 
East.  Reasons  for  phosphorus  trends  also  were  unclear. 

Phosphate  concentrations  do  not  reach  levels  of 
concern  for  drinking  water;  but  a  standard  of  0.1  ug/ 
1  has  been  set  to  prevent  eutrophication  of  estuaries 
(MacDonald  et  al.  1991).  No  standard  has  been  set  for 
freshwater,  because  risk  of  eutrophication  is  very 
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Figure  4. — Mean  annual  dissolved  nitrogen  concentration  at  40 
benchmark  stations  draining  areas  of  forest  and  rangeland 
(stations  shown  in  order  of  increasing  dissolved  nitrogen) 


0.8  1  1.2 

Control  (mg/l) 

Figure  5. — Response  of  streamwater  nitrate-N  concentrations  to 
forest  harvesting  at  experimental  watersheds  (see  table  4  for 
details)  (state  abbreviations  identify  watersheds  with  largest 
concentrations) 

dependent  on  location;  a  level  of  0.05  mg/l  may  be 
sufficient  to  protect  lakes  (MacDonald  et  al.  1991). 
Nitrate-N  concentrations  above  10  mg/l  are  unac- 
ceptable for  drinking  water  because  of  risks  to  infants 
(EPA  1986).  No  toxicity  standards  for  nitrate  have  been 
developed  for  protection  of  aquatic  ecosystems;  but 
achievement  of  the  drinking  water  standard  also  should 
protect  aquatic  ecosystems  (Bisson  et  al.  1992). 

As  shown  in  figure  3,  nitrogen  concentrations  in 
streams  draining  forest  areas  are  typically  well  be- 
low 1  mg/l.  This  is  corroborated  at  the  bench-mark 
and  experimental  watersheds.  Only  five  of  the  bench- 
mark watersheds  exceed  this  level  (with  mean  levels 
ranging  from  1.3  to  2.3  mg/l)  (fig.  4);  and  they  all 
drain  largely  rangeland  areas,  not  forests.  Among  30 
experimental  control  watersheds  that  measured  ni- 
trogen concentrations,  only  3  in  Oregon  catchments 
had  nitrate  levels  exceeding  1  mg/l  (fig.  5). 

Effects  of  Management 

The  chemistry  of  water  flowing  through  forests 
changes  as  water  passes  through  the  canopy,  soil, 
and  subsoil  into  streams.  In  the  canopy,  interception 
(and,  therefore,  evaporation)  of  precipitation  con- 
centrates dissolved  elements.  Forest  harvesting  re- 
duces interception  losses,  allowing  more  water  to 
reach  the  soil,  thereby  diluting  nutrient  concentra- 
tions, all  else  equal.  Several  processes  alter  the  chem- 
istry of  water  moving  through  mineral  soils,  includ- 
ing uptake  of  water  and  chemicals  by  tree  roots, 
mycorrhizae,  and  microbes,  release  of  chemicals  from 
decomposition,  and  exchange  reactions  releasing  and 
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Table  3. — Effect  of  harvest  on  phosphorus  conecntration. 


State  Catchment  No.  watersheds  Treatment2      Concent.(ng/l)3  Statistical 

Cont.  Treat.  Cont.   Treat.     Diff.  significance4 


OR 

H.J,  Andrews  (6,7,8)  1 

2 

CC,  burn 

22 

18 

-4.0 

OR 

H.J.  Andrews  (1,2)  1 

1 

CC 

26 

24 

-2.0 

OR 

Bull  Run  l 

1  10 

CC 

5.7 

6.0 

0.3 

yes  for  1  of  1 0 

NH 

Hubbard  Brook 

1 

CC,  herb. 

1.18 

1.56 

0.4 

OR 

High  Ridge 

3 

CC,  burn 

15.5 

16.8 

1.3 

yes  for 

ID 

Horse  Creek  i 

5 

various 

9.7 

19.4 

9.7 

OR 

Baker  Creek 

2 

harvest 

-50 

-60 

-10 

OR 

H.J.  Andrews  (1,2)  1 

1 

burn5 

16 

39 

23.0 

OR 

Coyofe  Creek  1 

3 

various 

-80 

-40 

-40 

GA 

Piedmonf 

1 

CC 

no 

ID 

Twin  Lakes  t 

>  3 

various 

no 

OR 

Sanfiam 

1 

CC 

no 

OR 

H.J.  Andrews  (2,10)  1 

1 

CC 

no 

OR 

Alsea  1 

2 

CC 

no 

WA 

Olympic  peninsula  1 

2 

harvest 

no 

BC 

Carnation  Creek 

1 

harvest 

no 

BC 

Haney  1 

2 

CC,  burn 

<20 

<20 

no 

From  Salminen  and  Beschta  (1991),  who  summarized  all  entries.  The  first  set  of  studies 
is  ordered  in  terms  of  increasing  difference  between  treatment  and  control  concentra- 
tions. Means  were  not  reported  by  Salminen  and  Beschta  for  studies  in  the  second  set. 

2ln  most  cases,  clearcuts  (CC)  were  only  over  part  of  the  watershed.  In  some  cases, 
only  "harvest"  was  listed  by  Salminen  and  Beschta. 

3Mean  annual  concentration  over  various  measurement  periods,  from  1  to  over  10 
years  depending  on  the  study.  Where  more  than  watershed  is  summarized,  simple 
averages  across  watersheds  are  reported.  In  most  cases,  total  phosphorus  is  listed;  in 
some  cases  only  orthophosphorus. 

4The  results  of  statistical  tests  of  significance  are  listed  where  reported  by  Salminen 
and  Beschta. 

5This  burn  followed  the  clearcut  by  one  year. 


absorbing  chemicals.  Forest  floor  disturbances  re- 
sulting from  burning  and  harvesting  can  allow  pre- 
cipitation to  reach  mineral  horizons  unaltered.  Har- 
vesting also  reduces  nutrient  uptake,  and  also  may 
increase  soil  decomposition  rates,  increasing  the  pool 
of  available  nutrients  in  the  mineral  soil. 

Although  forest  practices  may  elevate  the  concen- 
trations of  many  chemicals  in  streamwater,  only  the 
concentrations  of  phosphate  and  nitrate  are  of  sig- 
nificant concern  in  forestry. 

Phosphate.  Salminen  and  Beschta  (1991)  compre- 
hensively reviewed  the  effects  of  forest  management  on 
phosphate  concentrations.  Table  3  briefly  summarizes 
the  studies  they  reviewed  on  the  effect  of  timber  harvest 
on  phosphate.  Most  studies  found  that  mean  concen- 
trations were  very  similar  for  both  treatment  and  con- 
trol watersheds,  and  that  differences  were  not  statisti- 
cally significant.  Mean  concentrations  usually  were 
well  below  the  0.05  mg/1  level  that  has  been  suggested 
as  sufficient  to  protect  lakes  from  eutrophication. 


Salminen  and  Beschta  concluded  that  changes  in  stream 
phosphate  concentrations  resulting  from  forest  har- 
vesting are  uncommon,  unless  accompanied  by  high- 
intensity  slashburns,  and  that  even  following  such 
slashburns,  the  increases  are  short-lived. 

Nitrate  with  harvest.  Changes  in  annual 
streamwater  nitrate  with  harvest  are  summarized  in 
table  4,  for  31  studies  in  the  U.S.  and  southern  Canada. 
Each  row  reports  on  a  pair  of  watersheds,  one  control 
and  one  harvested.  Where  more  than  one  level  of 
harvesting  intensity  was  examined,  table  4  includes 
the  most  severe  treatment.  Where  the  period  of  record 
after  harvesting  covers  more  than  one  year,  table  4 
lists  the  maximum  year.  Annual  concentrations  do 
not  show  short-term  pulses  of  higher  concentrations 
that  may  be  of  chief  concern.  However,  annual  con- 
centration was  the  most  generally  reported  result, 
and  allowed  the  broadest  comparison  among  study 
sites.  Figure  5  depicts  the  treatment  and  control 
levels  for  each  case  in  table  4. 
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Table  4.— Effects  of  forest  practices  on  annual  streamwater  nitrate  concentrations  (mg-N/l).1 


State  Catchment 


Concentration  (mg/l) 


Control  Treat. 


Diff. 


Treatment 


Reference 


MM 
IVIIN 

ivi  a  rcei  i 

n  ^ 

U.O 

n  ni  R 

U.U  1  0 

n  90 
-u.zy 

ou  io  ciearcuT 

verry  c  i  y/z) 

N  AT 
M  1 

Bitteroot 

n  it 
U.  1  / 

U.  1 0 

-U.U4 

i  uu  lo  ciearcuT 

tiatenage  ( l  v/4) 

UK 

nj  Mnarews 

n  nft 

U.UO 

n  rn 

U.U/ 

n  m 
-U.U  I 

\a/c  i  n  i  nn<v  ^i^^-ir^i  i+ 
wo- 1  u  i  uu  io  ciearcuT 

oomns  ana  Mcuornson  ( I  Vo  1; 

oL 

Sont©6 

U.  I 

n  i 
U.  I 

U.U 

Prescribe  burned 

kichter  et  ai.  ( l  voz) 

\AA/ 
W  V 

Fernow 

n  o 

n  o 
U.z 

n  n 
U.U 

i  uu  io  ciearcuT 

AuueiTin  ana  ratric  civ/4; 

in 

rriesT  Kiver 

U.  1  o 

n  i  ^ 
U.  1  o 

n  n 

U.U 

Clearcut  unit  beside  stream 

onyaer  1. 1  v/o; 

UK 

Alsea 

1  .z 

1  ,Z 

n  n 
U.U 

oo  lo  ciearcuT 

□rown  et  ai.  (.  iv/o; 

no 

Coast  range 

n  a 

U.O 

n  a 

U.O 

n  n 
U.U 

Herbicide/clearcut 

Miller  ana  NewTon  ( ivoO; 

UK 

f*  /~\  /~i  c  "F  r  <""t  /■"■< 

l^oust  rancje 

1  7 

l  7 

n  n 

U.U 

100%  clecrcut/herbicido 

Miner  ana  iNewron  (,  ivoo; 

UK 

Coast  range 

1  /I 
1  .4 

1  A 
1  .4 

n  n 
U.U 

Herbicided 

Miner  ana  NewTon  (.  ivoo; 

DU 

UKunayan 

U.UO 

n  n^ 

U.UO 

n  n 

U.U 

i  o  lo  ciearcuT 

neTnermgron  (,iv/o; 

pi 
rL 

Bradford 

n  n^ 

n  rM 

U.U4 

n  m 

U.U  1 

ou  /o  ciearcuT 

KieKirK  (.  i  voo; 

in 

IU 

Oliver  k^reeK 

n  m 

U.U  1 

n  m  ft 

U.U  1  0 

n  ni 

U.U  1 

zo  io  ciearcuT 

uiayTon  ana  isenneay  uvoo; 

1  IT 
U  1 

^nicKen  ^reeK 

n  nnft 

U.UUO 

n  noR 

U.UZO 

n  no 
u.uz 

i  o  /o  ciearcuT 

jonnsTon  (,iv04; 

uu 

Fraser 

n  nnA 

U.UUO 

n  ha 

U.UO 

n  n^ 

U.UO 

oo  /o  ciearcuT 

oTOTTiemyer  \  ivo/; 

DA 
r  A 

Leaaing  Kiage 

n  n^ 

U.UO 

n  nft 

U.Uo 

n  n^ 

U.UO 

44  /o  ciearcuT 

Lyncn  ei  ai.  (,  iv/o; 

UK 

Di  ill  Di  in 

tsuii  Kun 

n  n  i 

U.U  1 

n  no 

U.Uo 

n  D7 

U.U/ 

25%  clearcut/burned 

rreariKsen  ei  ai.  { iv/o; 

IVI 1 

DlTTerOOT 

n  i  i 

U.  1  1 

n  i  o 

U.  1  V 

n  no 
U.Uo 

i  nn°/  /^i.~./~i  r/~i  i+ 

i  uu  lo  ciearcuT 

BaTeriage  (.iv/4; 

UK 

uoyuTe  ureeK 

n  no^ 
u.uzo 

n  l 

U.  1 

n  nft 

U.UO 

inn0/  ^lo/^r^i  i+ 
i  uu  io  ciearcuT 

narr  eT  ai.  (.  iv/y; 

toA 

Grant  Forest 

n  i  /i 

U.  1  4 

n  C[R 

U.UO 

n  no 

U.UV 

i  uu  lo  ciearcuT 

newien  ei  ai.  (.  ivo4; 

OR 

High  Ridge 

0.003 

0.162 

0.16 

100%  clearcut 

Tiedemann  et  al.  (1988) 

in 

Prioct  Oi\/or 
n  i\]vci 

n  ni  s 

U.U  1  J 

n  i  ft 

U.  1  o 

n  i  7 

U.  1  / 

oieuioui  uiiii  LJeoitje  biieuin 

Qnvrlor  C 1 07^^ 
01  lyuyi  U  7  /  o^ 

AZ 

Beaver  Creek 

0.01 

0.22 

0.21 

100%  clearcut 

M.  Ryan,  pers.  comm. 

MT 

Bitteroot 

0.17 

0.4 

0.23 

100%  clearcut 

Bateridge  (1974) 

TX 

Cherokee  Cty 

0.01 

0.3 

0.29 

100%  clearcut 

Blackburn  et  al.  (1986) 

SC 

Georgetown 

0.5 

0.9 

0.4 

Drained 

Askew  and  Williams  (1986) 

BC 

UBC  Research  For. 

0.04 

0.5 

0.46 

100%  clearcut 

Feller  and  Kimmins  (1984) 

NB 

Nashwaak 

0.12 

0.6 

0.48 

100%  clearcut 

Krause  (1982) 

ID 

Priest  River 

0.71 

1.51 

0.8 

Clearcut  unit  beside  stream 

Snyder  (1975) 

NC 

Coweeta 

0.018 

1.3 

1.28 

WS-7  clearcut 

Swank  (1988) 

NH 

Hubbard  Brook 

0.2 

3.9 

3.7 

100%  clearcut 

Hombeck  et  al.  (1987) 

' Adapted  from  Binkley  and  Brown  (1993a),  Cases  ordered  in  terms  of  increasing  difference  between  treatment  and  control 
concentrations.  Where  concentrations  were  reported  for  more  than  1  year,  the  year  of  maximum  treatment  concentration  is  listed. 


The  net  effect  of  harvest  on  nitrate  usually  was  to 
increase  concentrations  somewhat.  However,  about 
70%  of  the  studies  found  that  annual  concentrations 
of  nitrate  remained  below  0.5  mg-N/l,  for  both  con- 
trol and  harvested  watersheds.  Two  patterns  were 
apparent  for  the  sites  with  greater  concentrations. 
One  group,  primarily  the  forests  of  red  alder  and 
Douglas-fir  in  the  Oregon  Coast  range,  and  the  high 
elevation  forests  of  red  spruce  and  beech  in  the 
Appalachian  Mountains,  showed  high  levels  of  ni- 
trate in  control  watersheds.  No  response  to  treatment 
was  apparent  in  the  Oregon  Coast  range  forests 
(table  4).  For  Douglas-fir  in  the  Pacific  Northwest, 
enough  studies  have  been  done  to  show  that  the  risks 
of  nitrate  pollution  are  small  (Norris  et  al.  1991, 
MacDonald  1991).  The  evidence  is  less  clear  in  the 
Appalachians;  but  the  high  baseline  levels  (which 
average  about  5  mg/l  at  1500m  elevation,  Silsbee  and 


Larson  1992)  suggest  that  any  change  in  those  for- 
ests, such  as  harvesting  or  further  decline  in  vigor, 
could  elevate  nitrate  concentrations  close  to  allow- 
able water  quality  standards.  The  other  group,  par- 
ticularly the  northern  hardwood  forests  at  Hubbard 
Brook,  and  Southwestern  chaparral  watersheds, 
showed  substantial  nitrate  increases  after  some  treat- 
ments, such  as  strip-cutting  at  Hubbard  Brook 
(Hornbeck  et  al.  1987)  and  conversion  of  chaparral  to 
grass  (Riggan  et  al.  1985,  Davis  1987).  This  Hubbard 
Brook  example  involves  normal  forest  harvesting, 
not  the  inhibition  of  regrowth  with  herbicides,  which 
produced  even  greater  nitrate-N  losses;  (Likens  et  al. 
1970).  In  no  cases  did  the  average  annual  nitrate 
concentration  exceed  the  drinking  water  standard  of 
1 0  mg-N/l;  however,  the  alder /conifer  watersheds  and 
the  harvested  Hubbard  Brook  watersheds  had  occa- 
sional pulses  of  nitrate  that  exceeded  the  standard. 
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Table  5. — Effects  of  forest  fertilization  on  maximum  streamwater  nitate-N  concentrations  (peak  observation  for  control  and  post- 
fertilization  periods,  mg  nitrate-N/l).1 


State 

Catchment 

Concentration  (mg/l) 

Treatment 

Reference 

Control 

Treat. 

Diff. 

OR 

Siuslaw  Nat.  Forest 

0.16 

n  i  ^ 

U.  1  o 

.uo 

225  kg-N/ha  as  urea 

EPA  (1980) 

OR 

Willamette  Nat.  Forest  0.1 

n  i  % 

U.  1  o 

n  n^ 

225  kg-N/ha  as  urea 

Fredriksen  et  al.  (1975) 

WA 

Olympic  Nat.  Forest 

0.005 

n  da 

U.UOJ 

225  kg-N/ha  as  urea 

Fredriksen  et  al.  (1975)2 

WA 

Entiat  Exp.  Forest 

<0.1 

n  l  ^ 

U.  1  o 

1 10  kg-N/ha  as  urea^ 

Tiedemann  et  al.  (1978) 

WA 

Olympic  Nat.  Forest 

0.03 

n  1 9 

u.  i  z 

n  no 

225  kg-N/ha  as  urea 

Fredriksen  et  al.  (1975)2 

OR 

Coyote  Creek 

0.005 

n  l  r 

n  1 7s 

U.  1  /  o 

225  kg-N/ha  as  urea 

Fredriksen  et  al.  (1975) 

OR 

Yamhill  River 

0.1 

n  a 

225  kg-N/ha  as  urea 

Fredriksen  et  al.  (1975) 

WA 

Olympic  Nat.  Forest4 

<0.01 

n  07-0  79 
u.u/  u.  /  z 

«rn  7  i 

225  kg-N/ha  as  urea 

EPA  (1980) 

OR 

Siuslaw  Nat.  Forest 

0.5 

Z.  1 

1  .o 

225  kg-N/ha  as  urea 

Fredriksen  et  al.  (1975) 

AK 

Falls  Creek 

0.24 

1 .7 

1  46 

210  kg-N/ha  as  urea 

Meehan  et  al.  (1975) 

WA 

Various  locations 

<0.3 

2.7 

<2.4 

65  to  225  kg-N/ha  as  urea 

Bisson  (1982) 

AK 

Three  Lakes 

0.20 

2.7 

2.5 

210  kg-N/ha  as  urea 

Meehan  et  al.  (1975) 

WA 

Louse  Creek 

0.1 

3.0 

2.9 

200  kg-N/ha  as  urea 

Bisson  et  al.  (1992) 

OR 

Siuslaw  Nat.  Forest 

4.3 

7.6 

3.3 

225  kg-N/ha  as  urea 

EPA  (1980) 

WA 

Ludwig  Creek 

1.0 

6.0 

5.0 

200  kg-N/ha  as  urea 

Bisson  et  al.  (1992) 

BC 

Lens  Creek 

0.05 

9.5 

9.45 

225  kg-N/ha  as  urea 

Hetherington  (1985) 

WV 

Fernow  Exp.  Forest 

0.2  > 

10  for  3  wks 

>9.8 

340  kg-N/ha  as  ammon.  nitrate 

Helvey  et  al.  (1989)5 

WV 

Femow  Exp.  Forest 

0.2 

16 

15.8 

225  kg-N/ha  as  urea  after  cc 

Kochenderfer  and  Aubertin  (1975) 

BC 

Mohun  Lake 

0.16 

N  fertilization  with  50m  buffer 

Bisson  et  al.  (1992) 

BC 

Mohun  Lake 

0.39 

N  fertilization  with  no  buffer 

Bisson  et  al.  (1992) 

'Peak  nitrate  concentrations,  which  usually  occurred  within  two  months  of  the  fertilizer  application.  Adapted  from  Binkley  and 
Brown  (1993a).  Listed  in  order  of  increasing  difference  between  treatment  and  control  concentration. 

2 Also  EPA  (1980). 

3Plus  ammonium  sulfate. 

4 13  studies. 

5 Also  Edwards  et  al.  (1991). 

Martin  et  al.  (1984)  summarized  the  effects  of  con- 
ventional clearcutting  practices  on  water  quality,  in  38 
watersheds  from  around  New  England.  Watersheds 
were  not  paired  as  controls  and  treatments;  so,  these 
data  were  not  included  in  figure  5.  Streamwater  concen- 
trations of  nitrate  for  unharvested  watersheds  were 
near  0  mg-N/1  for  central  hardwood  forests,  between 
0.15  and  0.5  mg/l  for  the  conifer  forests,  and  0.15  to  1.0 
mg/l  for  northern  hardwoods.  Clearcutting  from  20% 
to  100%  of  the  watershed  resulted  in  no  prolonged 
nitrate  increases  in  streamwater  draining  central  hard- 
wood or  conifer  forests.  Streamwater  nitrate-N  concen- 
trations for  northern  hardwood  forests  showed  no 
effect  of  clearoitting,  if  <70%  of  the  watershed  was 
harvested,  and  either  no  change  or  an  increase  up  to  2.0 
mg/l  in  completely  harvested  watersheds.  The  authors 
found  no  cases  where  the  increase  in  nitrate  concentra- 
tions were  as  marked  as  those  found  after  harvesting 
northern  hardwoods  forests,  at  Hubbard  Brook,  in  the 
White  Mountains  of  New  Hampshire. 

To  summarize,  the  evidence  indicates  that  timber 
harvesting  does  not  degrade  water  quality  by  in- 


creasing nitrate  concentrations  in  streamwater,  with 
the  possible  exception  of  the  Hubbard  Brook  forests. 
Even  in  the  Hubbard  Brook  cases,  rapid  revegetation 
cut  the  high  nitrate  losses.  Also,  downstream  dilu- 
tion reduces  nitrate  concentrations,  usually  to  within 
safe  levels,  before  water  supply  intakes  are  reached. 
However,  high  rates  of  atmospheric  deposition  of 
nitrogen  compounds  already  may  be  generating  high 
nitrate-N  losses  from  some  high-elevation  forests  in 
the  eastern  U.S.,  such  as  the  Smoky  Mountains  (Silsbee 
and  Larson  1980,  Johnson  and  Lindberg  1992).  Cur- 
rent generalizations  about  low-nitrate  losses  from 
eastern  forests  may  not  apply  within  several  decades 
(cf.  Aber  et  al.  1990,  Johnson  1991). 

Nitrate  with  fertilization.  Fertilization  adds  large 
pulses  of  nutrients  that  may  exceed  the  immediate 
uptake  ability  of  trees.  Table  5  summarizes  peak  nitrate 
concentrations  for  14  forest  fertilization  studies,  mostly 
from  the  Pacific  Northwest.  Peak  concentrations  usu- 
ally occurred  within  2  months  of  fertilizer  applications. 
The  effects  of  fertilization  varied  substantially  among 
studies.  At  sites  in  Oregon,  Washington,  and  Alaska, 
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peak  nitrate-N  concentrations  after  fertilizer  applica- 
tion ranged  from  0.1  to  2.7  mg/1.  These  were  short- 
duration  peaks,  below  levels  of  serious  concern.  The 
patterns  were  similar  from  another  28  studies  in  the 
Northwest,  which  showed  peak  nitrate-N  concentra- 
tions of  about  4  mg/1  (EPA  1980).  Fredriksen  et  al. 
(1975)  concluded  that  fertilization  of  such  areas  does 
not  raise  nitrate  concentrations  to  toxic  levels,  and  poses 
no  threat  to  stream  water  quality. 

Hetherington  (1985)  examined  streamwater  nitro- 
gen concentrations  after  fertilization  with  urea,  on 
Vancouver  Island,  British  Columbia;  no  effort  was 
made  to  minimize  application  over  streams  within 
the  unit.  Nitrate  concentrations  peaked  about  2 
months  after  application,  as  heavy  rains  drained  the 
soils.  The  maximum  nitrate-N  concentration  reached 
9.5  mg/1.  Nitrate  concentrations  returned  to  pre- 
treatment  levels  during  the  first  winter,  with  a  minor 
peak  occurring  1  year  after  fertilization. 

The  effects  of  forest  fertilization  on  streamwater 
concentrations  of  nitrate  have  been  examined  for 
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43  bench-mark  stations 


Figure  6. — Mean  annual  dissolved  solids  concentration  at  43 
benchmark  stations  draining  areas  of  forest  and  rangeland 
(stations  shown  in  order  of  increasing  dissolves  solids) 


only  one  location  outside  the  Pacific  Northwest.  At 
the  Fernow  Experimental  Forest  in  West  Virginia, 
Kochenderfer  and  Aubertin  (1975)  reported  peak 
nitrate-N  concentrations  of  16  mg/1  in  October,  fol- 
lowing fertilization  with  225  kg-N/ha  as  urea,  after 
clearcutting  Watershed  1.  Helvey  et  al.  (1989)  and 
Edwards  et  al.  (1991)  reported  that  fertilization  of  an 
intact  forest  with  N  (340  kg-N/ha  as  ammonium 
nitrate)  raised  streamwater  nitrate-N  concentrations 
above  the  10  mg/1  drinking  water  standard  for  3 
weeks,  during  the  autumn  after  application. 

In  general,  others  have  found  that  careful  fertiliza- 
tion does  not  increase  streamwater  concentrations  of 
nitrate-nitrogen  to  potentially  toxic  levels  (Fredriksen 
et  al.  1975,  Miller  and  Fight  1979,  Hetherington  1985, 
Norris  et  al.  1991).  Careful  fertilization  avoids  exces- 
sive application  rates  and  times  applications  so  they 
do  not  coincide  with  heavy  runoff.  Forest  fertiliza- 
tion in  the  Pacific  Northwest  and  British  Columbia  is 
unlikely  to  degrade  water  quality  below  drinking 
water  standards.  The  situation  is  less  clear  for  forests 
in  the  East;  the  one  site  that  has  been  examined 
showed  excessive  nitrate  concentrations  in  two  sepa- 
rate trials. 

Dissolved  Solids 

Background 

Salts  enter  the  Nation's  waterways  from  natural 
dissolution  of  rock  and  soil,  from  atmospheric  pre- 
cipitation (which  contains  ions  from  both  natural 
and  human  sources),  and  from  activities  such  as 
municipal  and  industrial  water  treatment  releases, 
de-icing  roads,  and  the  concentrating  effects  of  irri- 
gate >n.  Peters  (1984)  reported,  based  on  analysis  of 
the  USGS's  nationwide  NASQAN  data,  that  the  pri- 
mary determinants  of  dissolved  solids  concentra- 
tions are  rock  type,  precipitation  quantity,  precipita- 
tion quality,  and,  to  a  lesser  extent,  human  popula- 
tion density.  Hem  (1989)  emphasized  the  importance 
of  rock  type  and  precipitation  quality,  as  well  as 
human  causes,  such  as  salting  roads  and  irrigation, 
in  determining  concentration  of  dissolved  solids. 
Among  the  bench-mark  watersheds,  mean  annual 
total  dissolved  solids  concentrations  are  mostly  be- 
low 200  mg/1  (fig.  6).  The  5  stations  that  exceed  200 
mg/1,  drained  watersheds  containing  a  mixture  of 
forest  and  range  vegetation  types,  and  were  located 
throughout  the  U.S. 
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Smith  etal.  (1987)  andLettenmaieretal.  (1991)  found 
many  more  increases  than  decreases  in  dissolved  solids 
(table  2).  Increases  were  most  common  in  the  eastern 
half  of  the  country.  Smith  et  al.  suggested  the  changes 
were  affected  by  human  waste  discharges,  salt  use  on 
roads,  and  surface  coal  production. 

Effects  of  Management 

Forest  and  range  vegetation  apparently  do  not  add 
significantly  to  the  salt  content  of  the  Nation's  rivers. 
The  effects  of  forest  management  on  concentrations 
of  dissolved  solids  are  so  slight,  in  relation  to  the 
levels  of  concern  for  water  uses,  that  this  area  has 
received  little  study.  The  principal  effect  of  forest 
management  may  be  the  effect  that  vegetation  den- 
sity has  on  concentration  of  dissolved  solids  that 
reach  the  water  from  other  sources.  For  example, 
Brown  et  al.  (1990)  estimated  the  beneficial  effect  of 
increases  in  runoff  from  timber  harvesting,  on  the 
dilution  of  salts,  in  the  Lower  Colorado  River  Basin, 
where  salt  content  is  a  significant  concern. 

Sediments 

Background 

Based  on  the  1982  National  Resource  Inventory 
(SCS  1984)  estimates  of  erosion  at  nearly  800,000 
points  on  nonfederal  rural  lands,  and  on  sediment 
transport  and  delivery  predictions,  discharge  rates 
into  rivers  and  streams  from  cropland  were  esti- 
mated to  be  more  than  five  times  the  rate  from  forest 
land  (Gianessi  et  al.  1986)  (fig.  7).  The  rangeland  rate 


Cropland         Pasture  Range  Forests  Other 


Figure  7. — Annual  sediment  yields  from  non-federal  rural  lands 
into  U.S.  rivers  (from  Gianessi  et  al.  1986)  ("Other"  includes 
mines,  quarries,  farmsteads,  and  other  intensively  used  sites.) 


43  bench-mark  stations 

Figure  8. — Mean  annual  suspended  sediment  concentration  at  43 
benchmark  stations  draining  areas  of  forest  and  rangeland 
(stations  shown  in  order  of  increasing  suspended  solids) 

was  1 .5  times  the  forest  rate.  Of  the  total  discharge 
from  non-federal  rural  lands,  57%  was  estimated  to 
originate  on  cropland,  16%  on  rangeland,  10%  on 
forest  land,  5%  on  pastures,  and  12%  on  other  land 
(mines,  quarries,  farmsteads,  and  other  uses).  Forests 
and  range  lands  together,  which  occupy  2/3  of  the 
Country,  were  estimated  to  contribute  one-fourth  of 
the  sediments  reaching  the  Nation's  waters  from 
private  land.  However,  forests  also  tend  to  occupy 
the  steepest  portions  of  landscapes,  suggesting  that 
portions  of  forested  drainage  basins  may  be  espe- 
cially susceptible  to  erosion. 

Lettenmaier  et  al.  (1991)  found  few  significant 
trends  in  suspended  sediments;  12%  of  the  stations 
showed  decreases,  and  8%  showed  increases  (table  2). 
No  associations  of  trend  with  land  cover  were  found. 
Smith  et  al.  (1987)  reported  that  14%  of  the  stations 
decreased  and  16%  increased .  Most  of  those  increases 
occurred  in  the  Columbia  and  Mississippi  basins. 
Trends  in  suspended  sediment  concentrations  were 
not  significantly  associated  with  total  basin  soil  ero- 
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Table  6. — Effect  of  harvest  and  road  construction  on  suspended  sediment  concentration.1 
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79 

JO 
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Van  Lear  et  al.  (1985) 

PA 
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80 

78 

2-year  average 
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Lynch  et  al.  (1975)7 

AK 
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35 
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82 

2-year  average 

Harvest,  burn 

Stednick  et  al.  (1982) 

TN 

Upper  Coast  PI. 

82 
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Max.  stornnflow  in  3  years 

100%  clearcut 

McClurkin  et  al.  (1985) 

OR 

Coyote  Creek 

-20 

170 

-150 

?? 

Clearcut 

Harr  et  al.  (1979)6 

WA 

Hansel  Creek9 

3.7 

178 

174 

Max.  annual  avg.  in  3  years 

Harvest,  road  construction 

Fowler  et  al.  (1988) 

OR 

HJ  Andrews 

9 

240 

231 

6-year  average 

100%  clearcut,  burn 

Fredriksen  et  al.  (1975) 

MS 

Upper  Coast  PI. 

2127 

2471 

344 

Max.  annual  avg.  in  2  years 

100%  clearcut,  chopped 

Beasley  (1979) 

OR 

HJ  Andrews 

9 
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421 

6-year  average 

25%  clearcut,  road  const. 

Fredriksen  et  al.  (1975) 

MS 

Upper  Coast  PI. 

2127 

2808 

681 

Max.  annual  avg.  in  2  years 

100%  clearcut,  sheared 

Beasley  (1979) 

MS 

Upper  Coast  PI. 

2127 

2837 
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Max.  annual  avg.  in  2  years 

100%  clearcut,  sheared 

Beasley  (1979) 

TX 

Cherokee  Co. 

112 

1158 

1046 

Max.  annual  avg.  in  4  years 

100%  clearcut,  sheared 

Blackburn  et  al.  (1986) 

1  Adapted  from  Binkley  and  Brown  (1993a).  Cases  are  listed  in  order  of  increasing  difference  between  treatment  and  control 
concentration.  With  one  exception  (the  Upper  Coastal  Plain  site  in  Tennessee),  concentrations  are  for  annual  periods. 

2The  years  refered  to  are  the  initial  post-treatment  years.  When  "Max.  annual  avg. "  is  reported  for  some  time  period,  the 
concentrations  reported  are  for  the  year  with  the  maximum  concentration  from  the  treatment  watershed. 

3Clearcut  =  CC. 

4  A  separate  control  watershed  was  not  available.  Control  refers  to  upstream  of  the  treatment  area,  and  treatment  to  within  or 
downstream  of  the  treatment  area. 

5 Also  Fredriksen  and  Harr  (1988). 

6 Also  Adams  and  Stack  (1989). 

7 Also  Lynch  and  Corbett  (1990). 

8 Also  Brown  et  al.  (1973). 

9 A  separate  control  watershed  was  not  available.  Control  refers  to  prior  to  treatment,  and  treatment  refers  to  after  treatment. 


sion  rates,  but  increases  in  concentration  were  sig- 
nificantly related  to  the  fraction  of  total  soil  erosion 
contributed  by  cropland  in  the  basin  and  to  the 
absolute  magnitude  of  cropland  erosion  in  the  basin. 
Trends  were  not  statistically  associated  with  erosion 
rates  on  forests  or  rangeland,  although  the  increases 
in  the  Columbia  River  Basin  occurred  mainly  in  areas 
with  significant  forest  cover  and  timber  harvest. 

Suspended  sediments  are  measured  as  the  weight 
of  particles  retained  on  a  filter  paper  after  the  water 
has  been  filtered  (typically  in  units  of  mg  of  sediment 


per  1  of  water),  or  as  turbidity,  a  measure  reported  in 
terms  of  the  amount  of  light  scattered  by  a  water 
sample.  Water  quality  standards  may  include  sus- 
pended sediment  criteria,  such  as  500  mg/l  for  Or- 
egon (Moore  et  al.  1979). 

As  figure  8  indicates,  mean  annual  suspended 
sediment  concentrations  in  largely  undisturbed 
streams  draining  forest  and  range  lands  are  below 
100  mg/l  in  most  areas.  Further,  the  higher  average 
levels  among  the  bench-mark  watersheds  were  not 
found  in  forested  areas;  all  5  of  the  stations  with 
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concentration  levels  above  100  mg/1  drain  largely 
rangeland  watersheds. 

Table  6  lists  the  concentrations  of  suspended  sedi- 
ments for  19  control  experimental  watersheds  across 
the  U.S.  (fig.  9).  In  all  but  one  case,  the  concentrations 
in  table  6  are  annual  figures.  The  most  common 
pattern  across  the  U.S.  is  for  very  low  sediment 
concentrations  in  streams  draining  undisturbed  for- 
ested watersheds.  Annual  average  concentrations 
are  typically  less  than  5  mg/1,  with  stormflow  peaks 
of  up  to  100  mg/1.  This  common  pattern  does  not 
apply  to  all  regions,  however.  Substantial  areas  of  the 
Piedmont  and  Upper  Coastal  Plain  of  the  Southeast- 
ern U.S.  typically  show  much  higher  concentrations 
of  suspended  sediments.  For  example,  an  undis- 
turbed forest  of  hardwoods  and  pine  in  Mississippi 
showed  average  annual  concentrations  of  suspended 
sediment  of  393  mg / 1  in  one  year,  and  more  than  2000 
mg/1  in  another  (Beasley  1979).  In  Cherokee  County, 
Texas,  Blackburn  et  al.  (1986)  found  that  sediment 


concentrations  ranged  from  31  to  213  mg/1  (averag- 
ing 112  mg/1),  in  an  undisturbed  pine  forest.  The 
intermittent  flow  of  some  of  these  streams  contrib- 
uted to  the  high  concentrations.  Some  larger  streams 
and  rivers  in  other  regions  also  may  show  relatively 
high  concentrations  of  suspended  sediment.  For  ex- 
ample, Sullivan  (1985)  found  that  the  Middle  Fork  of 
the  Santiam  River,  in  the  Oregon  Cascades,  averaged 
71  mg/1  over  9  years. 

Effects  of  Management 

Sediment  enters  streams  in  three  basic  ways:  (1) 
detachment  of  soil  particles  by  the  impact  of  rain- 
drops or  water  flowing  across  the  soil  surface,  (2) 
mass  movement  of  soil  on  steep  slopes,  e.g.,  debris 
slides  or  avalanches  (Swanston  1991),  and  (3)  stream 
channel  bank  erosion.  Each  of  these  types  of  pro- 
cesses of  course  occurs  naturally,  and  can  be  aggra- 
vated by  human  forces.  First,  removal  of  vegetative 
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Figure  9.— Response  of  suspended  sediment  concentrations  to  forest  harvesting  at  experimental  watersheds  (see  table  6  for  details) 

(from  Binkley  and  Brown  1993a) 


13 


cover  (e.g.,  by  road  building,  harvest,  grazing,  me- 
chanical disturbance,  or  fire)  increases  the  impact  of 
raindrops  and  reduces  trapping  of  mobilized  sedi- 
ments. Some  activities  (e.g.,  harvest  equipment  or 
concentrations  of  cattle)  compact  the  soil,  reducing 
infiltration  and  increasing  the  chances  of  overland 
flow.  Second,  harvesting  and  road  construction  can 
increase  the  likelihood  of  mass  soil  movements  in 
several  ways.  Harvesting  typically  leads  to  greater 
soil  moisture  because  of  reduced  interception  and 
transpiration;  and  wetter  soils  are  less  stable  than 
drier  soils.  The  decay  of  tree  roots  after  harvesting 
allows  more  slope  failures.  Road  construction  col- 
lects and  concentrates  water  moving  downslope, 
and  increases  slope  angles  on  both  the  cut  and  fill 
sides  (Swanston  and  Swanson  1976).  In  the  H.J. 
Andrews  Experimental  Forest,  Swanson  and  Dyrness 
(1975)  found  that  forested  slopes  accounted  for  about 
35  m3  of  debris  flow  material  per  km2  annually, 
compared  with  130  m3/km2  for  clearcut  slopes,  and 
1800  nvVkm2  for  roaded  areas.  Finally,  stream  chan- 
nel banks  can  be  damaged  by  harvesting  and  road 
construction  equipment,  as  well  as  by  cattle  when 
they  congregate  around  water  sources. 

Concentrations  of  suspended  sediments  often  in- 
crease after  management  activities,  such  as  road 
construction,  harvest,  and  site  preparation.  The  in- 
creases can  vary  greatly,  including  some  situations 
where  no  increases  occur  (table  6).  The  cases,  in  table 
6,  with  low  harvest  impacts  tend  to  be  those  where 
efforts  were  made  (e.g.,  through  use  of  best  manage- 
ment practices)  to  control  erosion.  For  example,  in 
the  Leading  Ridge  watershed  in  Pennsylvania  (Lynch 
et  al.  1975,  Lynch  and  Corbett  1990),  the  harvesting 
operation  did  not  prevent  an  increase  in  sediment 
concentrations,  but  the  increase  was  kept  to  a  mini- 
mum (1.7  mg/1  for  the  control  watershed,  5.9  mg/1 
for  the  harvested  watershed)  by  following  best  man- 
agement practices  (BMPs).  The  road  construction, 
harvesting,  and  slash-burning  in  Fox  Creek,  in  the 
Bull  Run  Watershed  in  Oregon,  did  not  increase 
sediment  concentrations  beyond  the  0.6-2.4  mg/1 
level  of  the  control  watershed  (Fredriksen  et  al.  1975, 
Fredriksen  and  Harr  1979). 

In  other  cases,  and  without  imposition  of  BMPs, 
substantial  (and  varying)  increases  in  sediment  con- 
centration may  occur.  For  example,  harvesting  the 
hardwood  /pine  forest  in  Mississippi  was  followed 
by  a  variety  of  site  preparation  treatments  (Beasley 
1979).  In  the  first  post-treatment  year,  the  concentra- 


tions of  suspended  sediment  rose  from  2127  mg/1  in 
the  control  to  more  than  2800  mg/1  for  the  more 
intensive  site  preparation  treatments.  In  the  second 
year,  the  sediment  concentration  declined  to  393 
mg/1  in  the  control,  but  remained  more  than  2300 
mg/1  for  the  most  intensive  treatment;  concentra- 
tions after  intermediate  intensity  treatments  ranged 
between  600  and  900  mg/1.  The  causes  of  the  high 
sediment  concentrations  include  the  intermittent 
nature  of  these  small  streams  (flow  stops  for  substan- 
tial periods  between  storms),  the  effect  of  forest 
removal  on  streamflow  (increased  volume  and  pe- 
riod of  flow),  and  an  apparent  failure  to  retain  a 
vegetated  buffer  strip  next  to  the  streams. 

The  major  conclusion  from  these  watershed  ex- 
periments is  that  suspended  sediment  concentra- 
tions vary  greatly.  As  seen  in  figure  9,  the  baseline 
suspended  sediment  concentrations  vary  greatly 
across  sites,  as  do  the  impacts  of  treatment.  Differ- 
ences in  soil  type,  slope,  and  weather  influence  the 
variation  among  the  control  watersheds.  Treatment 
effects  do  not  appear  to  be  related  to  baseline  concen- 
trations, and,  in  general,  are  most  likely  to  be  related 
to  the  severity  of  the  treatment  (especially  to  road 
and  skid  trail  activity),  and  to  case-specific  storms 
after  the  treatments. 

The  most  important  ecological  impacts  of  forest 
practices  on  sediment-related  features  involve  physi- 
cal changes  in  stream  structure  or  condition 
(MacDonald  et  al.  1991).  These  changes  include  in- 
creased content  of  fine  particles  in  gravel  beds,  ero- 
sion of  stream  banks,  increases  in  stream  width, 
decreases  in  stream  depth,  and  fewer  deep  pools. 
These  physical  features  of  stream  structure  may  pro- 
vide a  better  focus  for  monitoring  and  assessing 
fore,  i  practice  impacts  than  direct  monitoring  of 
sediment  concentrations  in  the  water  column 
(MacDonald  et  al.  1991). 

Poor  management  of  livestock  grazing  greatly 
accelerates  erosion.  In  the  Wasatch  Range  in  Utah, 
overgrazing  by  sheep  increased  soil  erosion  from 
about  0.1  mg/ha  to  more  than  15  mg/ha  (Noble  1963, 
Brown  1989).  Although  many  studies  have  charac- 
terized grazing  impacts  on  vegetation,  soil  physical 
properties,  and  small-scale  erosion,  few  studies  have 
directly  examined  the  connections  between  grazing 
impacts  and  water  quality. 

Perhaps  the  major  conclusions  that  can  be  drawn 
from  the  variety  of  studies  in  table  6  and  the  other 
studies  mentioned  here  are  that  (1)  concentrations  of 
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suspended  sediment  differ  substantially  throughout 
the  U.S.;  (2)  the  response  to  forest  practices  depends 
greatly  on  the  particular  situation  and  the  details  of 
the  treatments  that  are  applied;  (3)  use  of  BMPs 
substantially  reduces  negative  impacts  of  manage- 
ment; (4)  mass  failures  and  erosion  of  stream  banks 
may  be  particularly  significant  and  are  not  always 
avoidable;  and  (5)  depending  on  soil  and  slope  con- 
ditions, extreme  precipitation  events  will  degrade 
water  quality  for  both  managed  and  unmanaged 
areas.  The  failure  of  an  undercut  bank,  or  degradation 
of  streamside  vegetation  by  grazing  animals,  may  have 
much  larger  impacts  on  stream  sedimentation  than 
activities  dispersed  throughout  a  watershed. 

Toxics 

Background 

Pesticides,  including  herbicides,  are  among  most 
common  toxics  used  in  rural  areas.  Agricultural  uses 
dominate,  but  pesticides  also  are  used  on  forests  and 
rangelands.  Table  7  gives  a  rough  indication  of  the 
relative  application  rates,  in  1980,  on  agricultural  and 
national  forest  lands  in  the  U.S.  Agricultural  use  per 
land  unit  was  roughly  1,000  times  forest  use  for 
insecticides,  600  times  for  herbicides,  and  1,300  times 
for  fungicides.  The  short  crop  cycle  in  intensive 
farming,  compared  to  silviculture,  contributes  to  the 
much  heavier  use  of  such  chemicals  in  agriculture. 
Most  forest  lands  in  the  U.S.  are  not  treated  with 
pesticides  during  a  typical  crop  cycle  of  20-100+ 
years;  and  lands  that  are  treated  seldom  receive  more 
than  one  application  per  cycle.  Furthermore,  because 
erosion  rates  are  generally  lower  on  forested  land,  a 
smaller  proportion  of  the  chemicals  that  attach  to  soil 
particles  are  transported  to  streams.  Regarding  the 
comparison  in  table  7,  only  about  20%  of  the  forests 
in  the  U.S.  are  in  national  forests;  use  rates  on  other 
forest  land  may  be  higher  than  on  national  forests. 
Also,  the  types  of  pesticides  used  on  forest  lands  has 
been  changing  over  the  past  20  years  towards  less 
toxic  chemicals  (Norris  et  al.  1991). 

Neither  Smith  et  al.  (1987)  nor  Lettenmaier  et  al. 
(1991)  examined  trends  for  pesticides  in  stream  wa- 
ter. Lettenmaier  et  al.  (1991)  did  examine  trends  for 
several  trace  metals,  finding  that  decreases  were 
much  more  common  than  increases,  and  that  the 
decreases  were  spread  across  the  U.S.(see  table  2  for 
examples). 


Table  7.— Annual  use  of  pesticides  in  agriculture  and  forestry  in 

1980. 


Total  (mg/yr) 1 

Application  rate 

(kg/km2/yr) 

Agriculture  Forests2 

Agriculture3 

Forests2-4 

Herbicides 

202,030  169 

131.4 

0.220 

Fungicides 

22,700  9 

14.8 

0.011 

Insecticides 

138,924  71 

90.3 

0.092 

'For  1980,  as  presented  by  Norris  et  al.  (1991,  table  1.7). 
2National  forest  land  only. 

3Land  area  used  for  crops  taken  from  ERS  (1989). 
4Land  area  taken  from  U.S.  Forest  Service  (1983). 


Effects  of  Management 

Three  aspects  of  pesticide  application  to  forests 
may  influence  water  quality:  concentrations  of  pesti- 
cides in  streams,  response  of  stream  chemistry  to 
pesticide  treatment,  and  effect  of  treatment  on  ero- 
sion. Pesticides  may  enter  streams  directly  from  the 
application,  or  by  movement  from  the  soil  (either  on 
soil  particles,  or  dissolved  in  water). 

Careful  studies  of  insecticide  concentrations,  after 
applications  for  pests  such  as  spruce  budworm,  have 
not  been  attempted.  Some  information  is  available 
on  the  effects  of  herbicide  treatments  on  the  concen- 
trations of  elements  in  streamwater.  Fredriksen  et  al. 
(1975)  summarized  a  range  of  studies  with  several 
herbicides,  and  concluded  that  concentrations  in 
streams  were  too  low  to  warrant  concern  (peaking  at 
about  0.01  mg/1  within  hours  of  application,  declin- 
ing to  <  0.001  mg/1  after  weeks).  No  reports  have 
appeared  of  injury  to  stream  biota  from  herbicide 
applications  that  followed  regulatory  guidelines 
(Newton  and  Norgren  1977,  Norris  et  al.  1991). 

Concentrations  of  herbicides  in  streams  following 
forest  application  are  generally  less  than  0.1  mg/1, 
and  levels  of  >2  mg/1  would  be  needed  to  affect 
stream  flora.  Use  of  herbicides  to  alter  riparian  veg- 
etation could  have  a  variety  of  indirect  effects  on 
streams,  including  increased  light,  decreased  bank 
stability  and  altered  inputs  of  organic  matter.  Little 
information  is  available  on  the  combined  indirect 
effects;  but  they  are  likely  to  be  within  the  normal 
variations  found  with  the  development  of  watershed 
vegetation  after  natural  disturbances. 
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Although  the  few  studies  that  have  measured  the 
effects  of  forest  pesticide  applications  on  water  qual- 
ity indicate  that,  when  proper  precautions  are  fol- 
lowed, the  impacts  appear  to  be  minor,  the  lack  of 
studies  suggests  that  caution  is  needed,  along  with 
further  field  measurement. 


Water  Temperature 


Background 


Most  aquatic  organisms  have  optimal  tempera- 
ture ranges;  forest  practices  that  change  tempera- 
tures more  than  about  2°C  from  natural  tempera- 
tures may  alter  development  and  success  of  fish 
populations  (Hornbeck  et  al.  1984).  Higher  tempera- 
ture in  late  winter  and  spring  may  accelerate  pro- 
gression among  life  history  stages  of  fish  and  other 
aquatic  organisms,  whereas  high  temperatures  com- 
bined with  low  flows  in  late  summer  could  be  detri- 
mental to  fish  populations.  Some  fish  species  require 


01  i i i i i  i  i  i  i  i  i  i  i  i  i i i i i  i  i  i  i  i  i  i  i  i  i  i i i i i  i  i  i  i  i  i  i 
43  bench-mark  stations 


Figure  10.— Mean  annual  water  temperature  at  43  benchmark 
stations  draining  areas  of  forest  and  rangeland  (stations  shown 
in  order  of  increasing  temperature) 


16  18 

Control  (°C) 

□    Without  buffer 


24 


With  buffer 


Figure  1 1 . — Response  of  temperature  maximums  to  harvest  on 
experimental  forest  watersheds  (see  table  8  for  details)  (from 
Binkley  and  Brown  1993a) 


a  narrow  range  of  temperature;  others  tolerate  wider 
ranges. 

Mean  annual  water  temperature  at  the  bench- 
mark stations  ranges  from  3°  to  19°C  (fig.  10),  and 
largely  reflects  the  surrounding  air  temperature.  For 
the  smaller  experimental  watersheds,  table  8  reports 
temperature  maximums.  For  the  18  unique  control 
watersheds  listed  in  table  8,  temperature  maximums 
range  from  12°  to  22°C.  At  these  smaller  sites,  maxi- 
mum temperatures  are  more  sensitive  to  the  pres- 
ence or  absence  of  shading  vegetation. 


Effects  of  Management 

The  effects  of  harvesting  on  stream  water  tempera- 
tures have  been  studied  at  many  experimental  water- 
sheds. Several  of  the  studies  reported  only  the  tem- 
perature change,  not  the  control  and  treatment  tem- 
peratures. Table  8  lists  20  comparisons  for  which 
both  treatment  and  control  temperature  maximums 
were  reported.  The  treatments  differ  considerably 
among  these  20  sites,  from  complete  overstory  re- 
moval to  clearcuts  of  only  25%  of  the  watershed,  and 
from  leaving  no  trees  along  the  stream  (no  buffer)  to 
leaving  a  substantial  buffer.  Temperature  maximums 
are  reported  for  several  different  time  periods,  from 
single  days  during  a  summer  month,  to  average  daily 
for  the  hottest  month,  to  average  weekly  for  the 
entire  growing  season.  Removal  of  forest  canopies 
over  streams  increases  radiation  inputs  and  can  raise 
maximum  stream  temperatures  by  5°  C  or  more. 
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Table  8. — Effect  of  harvest  on  temperature  maximums.1 


State 

Temperature  (°C) 

Measure 

Overstory  treatment^ 

Reference 

control 

treat. 

am. 

OR 

14.4 

15.0 

0.6 

A  day  in  July 

CO,  with  buffer 

Brown  et  al.  (1971) 

PA 

19.4 

20.6 

1 .2 

Avg.  daily  for  hottest  month 

44%  CC,  with  buffer  (30  m) 

Rishel  et  al.  (1982) 

OR 

16.7 

18.3 

1 .6 

A  day  in  July 

CC.  thin  buffer 

Brown  et  al.  (1971) 

WV 

14.4 

16. 1 

1 .7 

Avg.  weekly  for  growing  season 

95%  CC,  thin  buffer 

Aubertin  and  Patric  (1974) 

OR 

22.2 

24.4 

2.2 

A  day  in  July 

CC,  no  buffer,  reveg 

Brown  et  al.  (1971) 

OR 

13.3 

15.6 

2.3 

A  day  in  July 

CC,  no  buffer 

Brown  et  al.  (1971) 

OR 

13.5 

16.0 

2.5 

Avg.  daily  for  hottest  3  weeks 

25%  CC,  thin  buffer 

Harr  and  Fredriksen  (1988) 

OR 

12.0 

15.0 

3.0 

Avg.  daily  for  hottest  3  weeks 

25%  CCthin  buffer 

Harr  and  Fredriksen  (1988) 

NC 

18.3 

21 .7 

3.4 

Avg.  daily  for  hottest  month 

CC,  no  buffer 

Swift  and  Messer  (1971) 

GA 

21.1 

25.0 

3.9 

Avg.  daily  for  hottest  month 

CC,  with  buffer  (12  m) 

Hewlett  and  Fortson  (1982) 

NH 

16.0 

20.0 

4.0 

Avg.  daily  for  hottest  month 

100%  CC,  no  buffer 

Likens  et  al.  (1970) 

OR 

1  o.y 

ID  1 

1  0.0 

A  A 

A  day  in  July 

CC,  no  buffer 

Brown  et  al.  (1971) 

OR 

14.4 

18.9 

4.5 

A  day  in  July 

CC,  no  buffer 

Brown  et  al.  (1971) 

BC 

17.0 

22.0 

5.0 

Avg.  daily  for  July 

60%  CC,  no  buffer 

Feller  (1981) 

OR 

15.6 

21.7 

6.1 

Avg.  daily  for  hottest  month 

100%  CC,  no  buffer 

Levno  and  Rothacher  (1967) 

PA 

17.8 

25.0 

7.2 

Avg.  daily  for  hottest  month 

85%  CC,  no  buffer 

Rishel  et  al.  (1982) 

OR 

16.1 

23.3 

7.2 

A  day  in  July 

CC,  no  buffer 

Brown  et  al.  (1971) 

OR 

20.6 

28.3 

7.7 

A  day  in  July 

CC,  no  buffer 

Brown  et  al.  (1971) 

OR 

14.4 

22.8 

8.4 

Avg.  daily  for  hottest  month 

100%  CC,  no  buffer 

Levno  and  Rothacher  (1969) 

OR 

12.2 

22.2 

10.0 

Avg.  daily  for  hottest  month 

100%  CC,  no  buffer 

Brown  and  Krygier  (1969) 

1  Taken  from  Binkley  and  Brown  (1993a). 

2 All  overstory  treatments  were  clearcuts  of  some  or  all  of  the  watershed.  Where  the  portion  of  the  watershed  that  was  clearcut 


was  not  provided,  we  listed  the  treatment  simply  as  clearcut  (CC). 


The  studies  are  listed  in  table  8  in  order  of  increas- 
ing difference  in  maximum  temperature.  As  seen  in 
figure  11,  which  plots  the  key  results  of  the  table  8 
studies,  there  is  no  apparent  relationship  between 
temperature  increase  and  control  watershed  water 
temperature.  A  relationship  between  the  tempera- 
ture increase  and  vegetation  treatment  also  is  not 
apparent,  with  the  exception  that  leaving  a  buffer  to 
shade  the  stream  appears  to  have  a  significant  effect 
(fig.  11).  Among  the  10  sites  (out  of  20)  with  the 
lowest  temperature  increase,  7  left  a  buffer,  and  one 
was  aided  by  quick  revegetation  along  the  stream. 

The  data  in  table  8  do  not  include  some  of  the 
factors  that  affected  measured  temperatures,  such  as 
the  presence,  in  some  streams,  of  temperature  changes 
from  groundwater  inputs,  and  the  variations  in  buffer 
widths.  Also,  the  table  does  not  always  indicate  the 
maximum  instantaneous  temperature  changes,  be- 
cause most  published  reports  give  average  tempera- 
ture maximums  over  a  series  of  days.  Nevertheless, 
the  influence  of  buffer  strips,  and  the  general  lack  of 
other  apparent  influences,  on  the  extent  of  the  tem- 
perature increase  after  harvesting,  demonstrate  that 
retention  of  buffer  strips  along  streams  generally 


minimizes  changes  in  temperature,  in  most  cases 
below  2°C 

Further  evidence  of  the  effect  of  buffer  strips  is 
found  in  studies  that  compared  treatments  with  and 
without  buffer  strips.  At  the  Fernow  Experimental 
Forest,  in  north-central  West  Virginia,  clearcutting 
the  hardwood  forests  but  retaining  a  buffer  resulted 
in  no  change  in  stream  temperature;  however,  re- 
moval of  the  buffer  3  years  later  raised  the  mean 
temperature  by  about  2°C  during  the  growing  season 
(Patric  1980).  In  the  Alsea  watersheds,  in  the  Coast 
Range  of  Oregon,  retention  of  buffer  strips  of  red 
alder  and  Douglas-fir  along  streams  prevented  any 
change  in  stream  temperatures;  but  a  lack  of  buffer 
strips  allowed  the  monthly  average  water  tempera- 
ture to  increase  by  8°C,  with  a  maximum  of  16°C 
(Brown  and  Krygier  1970).  However,  commonly  ap- 
plied riparian  leave  strips  are  not  always  sufficient  to 
avoid  all  harm.  A  detailed  study  in  Washington 
concluded  that  riparian  zone  harvest  restrictions  do 
not  always  prevent  increases  in  stream  temperature 
that  adversely  affect  fish  (Sullivan  et  al.  1990).  They 
suggested  that  leave  strips  should  be  maintained  at 
minimum  overstory  densities,  rather  than  at  mini- 
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mum  percentages  of  preharvest  densities.  See  Welsch 
(1992)  for  more  on  the  beneficial  effects  of  riparian 
forest  buffers. 

Temperature  increases  are  not  always  a  problem. 
For  example,  at  Carnation  Creek,  on  the  western  side 
of  Vancouver  Island  (Hartman  et  al.  1987),  water 
temperatures  increased  after  logging  by  about  4°C  in 
summer,  and  1°C  in  winter  (Holtby  1988a,b).  In  this 
case,  increased  stream  temperatures  may  have  been 
beneficial  to  salmon  populations,  allowing  earlier  fry 
emergence  and  smolt  migration. 

Water  Quality  Protection  Programs 

The  Federal  Water  Pollution  Control  Act  of  1972 
was  the  first  federal  law  to  focus  significant  attention 
on  nonpoint  source  pollution.  Section  208  of  the  Act 
required  states  to  adopt  an  "area  wide  waste  treat- 
ment management  planning  process"  that  was  ap- 
plicable to  "all  wastes  generated  within  the  area," 
including  "silviculturally  related  nonpoint  sources 
of  pollution."  The  Clean  Water  Act  of  1977  amended 
the  1972  Act  by,  among  other  things,  authorizing  a 
program  of  grants  to  help  cover  the  costs  to  rural  land 
owners  of  implementing  what  were  called  "best 
management  practices"  (33  U.S.C.  1288)  to  control 
nonpoint  source  pollution. 

EPA  regulations  define  best  management  prac- 
tices (BMPs)  as:  "those  methods,  measures,  or  prac- 
tices to  prevent  or  reduce  water  pollution  and  in- 
clude but  are  not  limited  to  structural  and 
nonstructural  controls,  and  operation  and  mainte- 
nance procedures.  BMPs  can  be  applied  before,  dur- 
ing, and  after  pollution-producing  activities  to  re- 
duce or  eliminate  the  introduction  of  pollutants  into 
receiving  waters.  Economic,  institutional,  and  tech- 
nical factors  shall  be  considered  in  developing  BMPs" 
(40  C.F.R.  35.1521-(4)(c)(l),  1984).  Lynch  et  al.  (1985) 
list  examples  of  silviculture  BMPs,  and  Chaney  et  al. 
(1990)  list  examples  of  grazing  BMPs.  Not  all  states 
use  the  term  "best  management  practices"  (BMPs); 
for  example,  Vermont  uses  "acceptable  management 
practice;"  Connecticut  uses  "guidelines  and  sugges- 
tions;" and  California  uses  "forest  practice  rule." 

The  Water  Quality  Act  of  1987  further  amended 
the  Clean  Water  Act,  encouraging  implementation  of 
BMPs  by  requiring  planning  procedures  that  made 
the  link  between  cause  and  effect  more  explicit.  This 
was  accomplished  by  requiring  (1)  detailed  water 


quality  plans  that  identified  water  bodies  not  meet- 
ing water  quality  standards,  (2)  identification  of  cat- 
egories of  nonpoint  sources  or  particular  nonpoint 
sources  responsible  for  violation  of  water  quality 
standards  in  those  water  bodies,  and  (3)  identifica- 
tion of  BMPs  to  control  them. 

Continuing  concern  about  nonpoint  source  pollu- 
tion, and  associated  federal,  state,  and  local  legisla- 
tion, encouraged  more  proactive  state  efforts  to  pro- 
tect water  quality  on  forest  lands.  In  the  past  4  years, 
several  more  states  adopted  BMPs  for  forest  lands, 
and  many  states  with  programs  increased  their  ef- 
forts to  have  their  BMPs  understood  and  used.  State 
programs  and  federal  agency  efforts,  surveyed  dur- 
ing the  spring  of  1992,  are  summarized  here.  For 
more  detail,  see  Brown  et  al.  (1993). 

Type  of  Program 

State  approaches  can  be  broadly  categorized  as 
regulatory  or  voluntary.  Regulatory  programs  im- 
pose requirements  on  land  management  and  allow 
assessment  of  fines  and  other  penalties  for  noncom- 
pliance. States  with  regulatory  programs  usually 
rely  on  inspection  of  management  activities  while 
the  activities  are  in  progress,  as  well  as  follow-up 
inspections,  to  improve  compliance  with  BMPs  and 
to  determine  whether  penalties  are  to  be  assessed. 
Regulatory  states  also  may  require  approval  of  har- 
vesting or  road  construction  plans  that  include  water 
quality  protection  measures  before  field  work  be- 
gins. States  with  voluntary  programs  emphasize 
education  and  training  (BMP  manuals,  seminars, 
mailings  and  personal  contacts),  and  onsite  inspec- 
tion, where  requested.  On  forest  land  across  the  50 
states,  in  1992,  23  states  had  voluntary  programs,  13 
had  regulatory  programs,  5  others  used  a  combina- 
tion of  voluntary  and  regulatory  measures,  and  9  still 
lacked  a  formal  program. 

In  addition  to  state  programs,  many  local  ordi- 
nances have  been  passed  by  counties,  townships, 
and  municipalities.  Martus  et  al.  (1993)  identified  522 
local  ordinances  that  regulate  forestry  activities  in 
the  U.S.  Half  are  written  solely  for  forestry  purposes, 
and  half  are  written  broadly  enough  to  be  interpreted 
as  affecting  forestry  activities.  These  ordinances  were 
found  in  24  states,  with  68%  of  them  in  northeastern 
states  and  27%  in  southern  states.  Local  ordinances 
are  less  common  in  the  West,  where  more  compre- 
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hensive  state-level  laws  are  more  common.  About 
three-quarters  of  the  ordinances  were  enacted  in  the 
past  1 0  years,  and  nearly  half  are  less  than  5  years  old. 

Financial  Incentives 

Eleven  states  now  offer  state-funded  cost  sharing 
and  or  tax  incentive  programs  to  encourage  private 
land  owners  to  use  forest  and  rangeland  BMPs  or 
implement  other  activities  that  will  have  a  positive 
effect  on  water  quality  (Brown  et  al.  1993).  These 
programs  focus  on  a  variety  of  water  quality  protec- 
tion measures,  including  use  of  BMPs  in  harvest  and 
related  road  construction,  reforestation,  protection 
of  riparian  areas  from  damage  by  livestock,  and 
maintenance  of  woodlands. 

Four  federally  funded  programs  provide  cost-share 
funds  for  forestry  activities,  on  forest  or  agricultural 
land,  that  may  protect  or  improve  water  quality. 
Funds  for  these  programs  are  disbursed  by  the  Agri- 
cultural Stabilization  and  Conservation  Service;  but 
forestry  aspects  of  the  programs  are  facilitated  by  the 
U.S.  Forest  Service,  in  cooperation  with  state  person- 
nel. The  Agricultural  Conservation  Program,  begun 
in  1936,  supports  a  series  of  agricultural  conservation 
practices  including  tree  planting  and  stand  improve- 
ment; more  than  7  million  acres  have  been  planted  so 
far,  mainly  in  the  southern  states.  The  Conservation 
Reserve  Program,  established  in  1985  and  expected 
to  end  in  1995,  funds  actions  to  retire  farm  land  by 
establishing  permanent  cover;  more  than  2.3  million 
acres  have  been  planted  with  trees  in  41  states,  with 
92%  in  the  southern  states.  The  Forestry  Incentive 
Program,  established  in  1974  and  slated  to  end  in 
1995,  funds  timber  production  activities,  including 
tree  planting  and  stand  improvement;  more  than  3.9 
million  acres  in  49  states  have  benefitted  so  far,  with 
70%  in  the  southern  states.  Finally,  the  Stewardship 
Incentive  Program,  which  began  disbursing  funds  in 
1992,  supports  environmental  protection  activities, 
including  streambank  stabilization,  riparian  buffer 
zones,  and  protection  of  native  vegetation. 

Implementation  Monitoring 

Even  if  BMPs  are  appropriately  specified  for  the 
site,  they  must  be  implemented.  States  use  different 
procedures  to  encourage  BMP  implementation  and 
to  estimate  compliance  with  their  nonpoint  source 


pollution  programs  on  forest  lands.  Eleven  states 
reported  that  agency  personnel  visit  some  or  all  sites 
when  land  disturbance  activities  are  in  progress,  to 
monitor  compliance.  This  approach  is  common  in 
states  with  regulatory  programs.  Because  ongoing 
inspection  of  forest  management  in  progress  is  ex- 
pensive, inspectors  may  visit  only  the  most  impor- 
tant sites.  Twenty-two  states  reported  performing 
formal  post-hoc  surveys  of  all  or  randomly  selected, 
recently  managed  (e.g.,  harvested)  sites.  This  ap- 
proach is  common  in  states  with  voluntary  pro- 
grams. Many  of  these  22  states  only  recently  began  to 
formally  measure  the  degree  of  BMP  use.  Besides 
states  performing  formal  surveys,  5  states  reported 
doing  post-hoc  inspections  of  miscellaneous  sites 
selected  by  field  foresters;  and  8  states  reported  per- 
forming inspections  based  on  complaints  or  other 
knowledge  of  problems.  In  all,  40  states  reported 
using  some  procedures  for  monitoring  compliance, 
with  some  using  more  than  one  procedure.  BMP 
monitoring  also  occurs  where  contracts  between  the 
state  and  a  private  party  require  BMP  use.  This 
occurs  where  land  owners  benefit  from  cost  sharing 
or  tax  incentive  plans,  and  where  contracts  for  har- 
vest on  state  land  require  use  of  BMPs  (which  may 
happen  even  though  the  state  lacks  a  formal  BMP 
program). 

Most  states  performing  formal  implementation 
surveys  reported  overall  (across  all  ownerships  and 
BMPs)  compliance  of  at  least  85%,  and  usually  above 
90%.  However,  compliance  differed  by  ownership 
and  type  of  BMP.  In  general,  compliance  tended  to  be 
lower  for  private  than  public  or  industry  land,  and 
lower  for  small  land  owners  than  large  land  owners. 
States  differ  in  which  BMPs  are  more,  and  less,  often 
complied  with;  but  as  a  general  rule,  road  and  skid 
trail  BMPs  had  the  lower  compliance  rates.  In  volun- 
tary states,  compliance  with  some  BMPs  on  private 
land  fell  below  50%.  In  states  with  well-established 
regulatory  programs,  the  most  common  problems 
were  with  failure  to  properly  fill  out  reports  or  notify 
state  officials;  compliance  with  practices  on  the 
ground  tended  to  be  at  least  95%. 

The  clear  trend  among  the  states  is  towards  a  more 
concerted  monitoring  effort,  using  periodic  surveys 
with  well-established  survey  methods.  The  number 
of  states  performing  formal  surveys  of  BMP  compli- 
ance has  increased  dramatically;  and  formal  surveys 
of  randomly  selected  sites  appears  to  be  the  preferred 
approach.  Encouraging  results  from  such  surveys 
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generally  are  considered  to  be  necessary  justification 
for  not  switching  from  a  voluntary  to  a  regulatory 
nonpoint  source  pollution  control  program. 

Effectiveness  Monitoring 

Effectiveness  of  BMP  use  can  be  checked  in  two 
ways:  qualitatively  by  trained  professionals  during 
onsite  inspection,  or  by  quantitative  measurement. 
Qualitative  checking  can  be  informal,  or,  preferably, 
via  a  formal  survey  of  randomly  selected  sites,  per- 
haps together  with  an  implementation  survey.  Quan- 
titative measurement  can  include  water  quality  sam- 
pling, bedload  monitoring,  and  biological  monitor- 
ing, as  well  as  on-land  monitoring  of  soil  movement. 

Twelve  states  reported  that  they  now  perform 
formal  periodic  post-hoc  qualitative  surveys  of  BMP 
effectiveness  at  selected  sites.  Formal  surveys  are 
more  common  in  states  with  regulatory  BMP  pro- 
grams. In  addition,  seven  other  states  reported  per- 
forming qualitative  effectiveness  inspections,  usu- 
ally in  response  to  complaints  or  during  other  site 
inspections.  Only  five  states  reported  performing 
quantitative  water  quality  measurements  to  evalu- 
ate BMP  effectiveness.  In  all,  21  states  reported  per- 
forming some  type  of  effectiveness  monitoring.  The 
difficulty  of  adequately  measuring  effectiveness  with 
qualitative  methods  and  the  high  costs  of  performing 
sufficient  water  quality  sampling  to  evaluate  BMP 
effectiveness  both  contribute  to  the  lack  of  state 
efforts  in  this  area. 

The  qualitative  assessments  of  BMP  effectiveness 
reviewed  suggested  that  forest  practices  generally 
can  avoid  significant  deterioration  of  water  quality  if 
BMPs  are  carefully  developed  and  used.  Most  cur- 
rent water  quality  problems  associated  with  forest 
practices  probably  result  from  poor  implementation 
of  BMPs.  However,  some  qualifications  to  this  are 
needed:  (1)  it  is  not  clear  if  retention  of  vegetated 
buffers  along  streams  will  reduce  peak  nitrate  con- 
centrations in  all  areas;  (2)  most  state  BMPs  do  not 
carefully  protect  ephemeral  channels  from  distur- 
bance, although  such  channels  may  produce  or  de- 
liver much  of  the  sediment  reaching  fish-bearing 
streams;  (3)  BMPs  to  minimize  mass  movements  on 
unstable  slopes  are  still  in  the  design  phase,  in  most 
states;  and  (4)  use  of  BMPs  to  avoid  erosion  from 
livestock  grazing  in  riparian  areas  is  lacking. 


Federal  Land  Management  Agency  Nonpoint 
Source  Pollution  Control  Efforts 

According  to  the  Clean  Water  Act,  federal  lands 
must  comply  with  state  water  quality  laws  and  stan- 
dards to  the  same  extent  as  any  nongovernmental 
entity.  Although  states  may  monitor  BMP  imple- 
mentation and  effectiveness  on  federal  land,  they 
typically  rely  on  federal  agencies  to  monitor  on  fed- 
eral lands  and  focus  state  resources  on  state  and 
private  lands. 

There  has  been  much  recent  activity  by  federal 
agencies  to  respond  to  the  Clean  Water  Act  goals; 
and  many  regional  offices  without  carefully  devel- 
oped monitoring  plans  are  in  the  process  of  develop- 
ing them.  Federal  BMP  monitoring  programs  usu- 
ally are  established  to  comply  with  state  BMP  moni- 
toring programs  developed  using  section  319  of  the 
Clean  Water  Act.  These  programs  attempt  to  main- 
tain a  balance  between  a  decentralized  approach 
(e.g.,  sampling  frequency  is  defined  at  the  district  or 
forest  level)  and  a  more  centralized  approach  (e.g., 
sampling  frequency  is  defined  at  the  regional  level). 
The  advantage  of  a  decentralized  approach  is  that 
monitoring  can  be  tailored  to  individual  land  use 
activities.  The  disadvantage  of  this  approach  is  that 
monitoring  activities  vary  across  space  and  time,  and 
data  cannot  be  easily  compared  or  aggregated  to  the 
forest  or  regional  levels. 

Cost  Effectiveness  of  BMPs 

The  goal  of  water  quality  protection  programs  is  to 
meet  water  quality  standards  most  cost-effectively. 
BMPs  are  an  administrative  approach  to  reaching 
this  goal.  Specifying  BMPs  to  cost-effectively  reach 
water  quality  standards  requires  an  understanding 
of  the  complex  relationships  between  land  distur- 
bance and  downstream  water  quality,  as  well  as  the 
costs  of  alternative  BMPs.  Water  quality  monitoring 
is  essential  to  understand  the  relationship  between 
land  disturbance  and  water  quality.  By  observing  the 
effect,  over  time,  of  precipitation  on  water  quality 
downstream  of  disturbed  and  undisturbed  areas, 
scientists  and  land  managers  improve  their  under- 
standing of  these  relationships.  This  improved  un- 
derstanding then  can  be  used  to  reassess  BMP  guide- 
lines to  more  cost-effectively  reach  water  quality 
goals.  This  iterative  process  of  BMP  specification, 
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use,  monitoring,  and  then  fine-tuning  of  BMP  speci- 
fications for  future  applications  is  the  key  to  cost- 
effective  BMP  use  and  effective  water  quality  protec- 
tion. This  relies  heavily  on  gradually  improved  un- 
derstanding of  the  effect  of  site-specific  land  man- 
agement controls  on  downstream  water  quality. 

Water  quality  standards  are  cost-effectively  met 
when  they  neither  over-  nor  under-constrain  land 
management.  The  cost  of  over-constraining  land 
management  is  in  the  wasted  resources  and  lost 
income  for  the  land  owners.  The  cost  of  under-con- 
straining land  management  is  the  effect  of  poor  wa- 
ter quality  on  aquatic  organisms  and  downstream 
water  users,  and  the  site  productivity  loss.  The  more 
carefully  BMPs  are  tailored  to  site-specific  condi- 
tions, the  more  likely  it  is  that  they  will  cost-effec- 
tively reach  their  stated  goals.  Because  the  profes- 
sional expertise  to  carefully  select  BMPs  is  costly, 
BMPs  sometimes  are  specified  for  large  geographical 
areas  (such  as  counties  or  multi-county  regions), 
although  nonpoint  source  pollution  at  specific  sites 
within  the  larger  area  may  be  more  inexpensively 
controlled  with  one  set  of  BMPs  than  another.  This  is 
not  the  fault  of  the  BMP  approach;  rather,  it  is  a 
matter  of  how  BMPs  are  specified.  The  availability  of 
well-qualified  personnel  at  the  field  level  is  probably 
the  most  cost-effective  approach  to  meeting  water 
quality  standards. 

Summary  and  Conclusions 

The  quality  of  water  draining  forested  watersheds 
is  typically  the  best  in  the  Nation,  whether  the  forests 
are  left  untouched  or  managed.  Water  quality  prob- 
lems on  forest  land  are  highly  variable  over  space 
and  time.  Relatively  few  forest  areas  of  the  country, 
if  carefully  managed,  are  prone  to  troublesome  pol- 
lutant yields.  However,  forest  practices  sometimes 
are  poorly  implemented  ,  leading  to  degradation  of 
water  quality.  Further,  some  past  practices  caused 
impacts  that  will  take  decades  to  work  through  the 
system. 

Sediment  loads  in  streams  is  the  most  widespread 
water  pollution  problem  in  forests.  Sediment  con- 
centrations may  drastically  exceed  water  quality 
objectives,  even  from  undisturbed  watersheds  dur- 
ing rare,  intense  storms;  and  land  disturbance  by 
forest  management  may  significantly  increase  those 
concentrations.  Roads  are  a  major  contributor  to 


sediment  concentrations  in  streams;  road  design  and 
maintenance  are  critical  to  minimize  sediment  prob- 
lems. Some  silvicultural  practices  also  can  signifi- 
cantly increase  sediment  concentrations  in  areas  with 
sensitive  soils.  The  ecological  impacts  of  increased 
sediment  production  from  forest  practices  have  re- 
ceived the  greatest  attention  in  the  Pacific  North- 
west, where  high  rainfall,  steep  slopes,  erodible  soils, 
and  valuable  fisheries  combine  to  accentuate  the 
problem.  Impacts  of  forest  practices  on  sediment 
yields  have  been  as  great  in  other  regions;  but  infor- 
mation about  fish  habitat  impacts  is  lacking.  Few 
studies  have  directly  assessed  impacts  of  grazing  on 
water  quality.  Management  practices  that  protect 
streambanks  and  riparian  vegetation  are  likely  to 
protect  water  quality  from  substantial  grazing  im- 
pacts. 

Other  categories  of  water  quality  degradation  on 
forests  and  rangeland  are  much  less  serious  than 
sedimentation.  Forest  practices  generally  have  little 
impact  on  oxygen  levels  or  on  dissolved  solids.  Patho- 
gen problems  can  be  controlled  by  protecting  ripar- 
ian areas  from  grazing  and  by  providing  facilities  for 
recreationists  or  limiting  use  rates  in  high  use  areas. 
Nitrate  generally  is  the  only  ion  of  critical  interest  in 
relation  to  forest  practices.  Harvesting  markedly  in- 
creases nitrate  concentrations  in  the  chaparral  and 
northern  hardwood  areas,  and  application  of  nitro- 
gen fertilizers  also  may  cause  stream  nitrate  levels  to 
peak  at  high  concentrations.  Herbicide  applications 
that  follow  regulatory  guidelines  have  not  impaired 
water  quality  (Norris  et  al.  1991).  Temperature  in- 
creases caused  by  harvesting  harm  aquatic  life.  Re- 
tention of  buffer  strips  appears  to  be  an  effective 
approach  to  avoiding  harmful  stream  temperature 
increases,  and  also  slows  the  movement  of  sediment 
towards  streams,  although  the  amount  of  buffer 
needed  for  different  conditions  is  not  well  under- 
stood. 

The  large  variety  of  state  and  federal  agency  pro- 
grams and  procedures  to  protect  water  quality  on 
forests  and  rangelands  makes  concise  summary  im- 
possible. Furthermore,  merely  stating  that  some  pro- 
gram or  approach  is  used  provides  little  indication  of 
the  degree  to  which  it  is  funded  or  the  energy  with 
which  it  is  administered.  Nevertheless,  the  many 
additions  to  such  programs  in  the  past  few  years 
indicate  that  water  quality  protection  on  forest  lands  is 
being  taken  more  seriously.  Also,  protection  on  range- 
lands  is  beginning  to  receive  some  formal  attention 
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At  least  40  states  use  some  procedures  to  monitor 
BMP  implementation  on  forest  lands.  In  states  with 
well-established  regulatory  programs,  compliance  with 
practices  on  the  ground  tends  to  be  at  least  95%.  Most 
states  with  voluntary  programs  that  performed  formal 
BMP  implementation  surveys  reported  overall  compli- 
ance of  at  least  85%,  and  usually  above  90%.  However, 
compliance  with  some  BMPs,  and  compliance  by  some 
classes  of  land  owners,  falls  considerably  below  these 
levels.  In  general,  compliance  is  lower  for  private  than 
public  or  industry  land,  and  lower  for  small  land  hold- 
ings than  for  large  land  holdings. 

Because  most,  if  not  all,  of  the  onsite  costs  of  BMP 
implementation  are  borne  by  the  landowner,  while 
the  benefits  typically  accrue  to  aquatic  organisms 
and  downstream  water  users,  landowners  some- 
times may  view  noncompliance  as  an  preferable 
alternative,  especially  in  voluntary  states.  Therefore, 
monitoring  must  be  an  ongoing  activity;  and  volun- 
tary states  may  need  to  seriously  consider  instituting 
a  regulatory  program.  Enhanced  education,  techni- 
cal assistance,  and  monitoring  are  needed  for  nonin- 
dustrial  private  forest  lands.  States  not  periodically 
monitoring  BMP  implementation  on  a  set  of  ran- 
domly selected  sites  should  be  encouraged  to  do  so. 

Effectiveness  monitoring  is  less  common  than 
implementation  monitoring,  largely  because  of  the 
difficulty  of  measuring  effectiveness  with  qualita- 
tive methods  and  the  high  cost  of  performing  the 
level  of  water  quality  sampling  that  would  be  re- 
quired. Effectiveness  monitoring  efforts  indicate  that 
implementation  of  current  BMP  specifications  avoids 
most  deleterious  effects  of  forest  and  rangeland  man- 
agement practices.  Research  is  needed  to  improve 
methods  for  monitoring  the  effectiveness  of  BMPs. 

The  cost-effectiveness  with  which  BMPs  meet 
quality  standards  depends,  in  part,  on  how  well  the 
BMPs  are  tailored  to  specific  conditions  at  the  site. 
Generally,  the  availability  of  well-qualified  person- 
nel at  the  field  level  to  provide  site-specific  BMP 
recommendations  is  probably  the  most  efficient  way 
to  meet  water  quality  standards  on  forests  and  range- 
land. 
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Brown,  Thomas  C;  Binkley,  Dan.  1994.  Effect  of  management 
on  water  quality  in  North  American  forests.  General  Technical 
Report  RM-248.  Fort  Collins,  CO:  U.S.  Department  of  Agricul- 
ture, Forest  Service,  Rocky  Mountain  Forest  and  Range  Experi- 
ment Station.  27  p. 

Although  the  quality  of  water  draining  forested  watersheds  is 
typically  the  best  in  the  Nation,  some  forest  management  prac- 
tices can  seriously  impair  streamwater  quality.  Sediment  is  the 
main  concern.  High  suspended  sediment  levels,  and  adverse 
changes  in  stream  channels,  are  potential  problems  in  several 
regions,  especially  after  road  construction,  and  some  harvesting 
and  grazing  practices.  Impacts  are  most  serious  where  fish  repro- 
duction is  affected.  Nitrate  and  water  temperature  are  less  serious 
problems.  Harvesting  can  increase  nitrate  levels  markedly,  in 
some  locations;  and  removal  of  overstory  from  along  streambanks 
can  raise  water  temperatures  enough  to  impair  fish  survival.  Best 
management  practices  (BMPs)  can  avoid  most  of  these  harmful 
effects.  Additional  work  is  needed,  in  some  locations,  to  encour- 
age BMP  use  and  to  tailor  BMP  specifications  to  site-specific 
conditions. 

Keywords:  Water  quality,  forest  management,  RPA,  assess- 
ment 
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